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A B S T R A C T
Conducting polymers (CPs) have become the focus of much research due to their interesting properties, such as a wide range of conductivity, facile production, mechanical stability, light weight, low cost and the ease with 
which conducting polymers can be nanostructured to meet specific applications. 
They have become valuable materials for many applications, in particular for energy 
storage and generation. Recently, conducting polymers have been studied for use 
in supercapacitors, batteries and fuel cells. The background and theory behind 
their conductivity as well as highlights on the recent contributions of conducting 
polymers to the broad field of energy research is presented in the introduction 
chapter. Furthermore, the methods of production of the conducting polymers in 
addition to the different ways utilised to nano-engineer special morphologies are 
also discussed.
This thesis presents studies that were undertaken on two major conducting 
polymer families namely; polyanilines and polythiophenes. The first part of the 
thesis is dedicated to polyanilines where a facile and quick approach to control 
the morphology of thick PANi films without the use of templates was developed. 
The method involved applying a high potential to initiate the nucleation step, then 
stepping the polymerisation potential to a lower (or lower series) of potential(s) for 
the polymer growth step. This allowed for successful control over the morphology 
of the polymer and yielded distinctive structures that are unique to each potential 
step. Furthermore, the resultant film was tested electrochemically for its viability 
as an electrode material for energy storage devices. An extra step was under taken 
to deposit gold and platinum nanoparticles via electroless deposition onto the 
PANi film for potential electrochemical catalysis applications. The electrocatalytic 
behaviour of the composite is investigated via the oxidation of hydrazine, as a 
potential fuel source for environmentally friendly zero emission fuel cells as well 
as the hydrogen evolution reaction (HER).
—  XII  —
Moreover, new protic ionic liquids (PILs) based on aniline derivatives were 
synthesised and high-throughput (HT) techniques to screen possible candidates 
were utilised. In this work, a simple HT method was applied to rapidly screen 
different aniline derivatives against different acids in order to identify possible 
combinations that produce PILs. This was followed by repeating the HT process 
with a Chemspeed robotic synthesis platform for more accurate results. One of the 
successful combinations were then chosen to be synthesised on a larger scale for 
further analysis. The new PILs are of interest to the fields of ionic liquids, energy 
storage and especially, conducting polymers as they serve as solvents, electrolytes 
and monomers at the same time for possible electropolymerisation (i.e. a self-
contained polymer precursor). Furthermore, the electropolymerisation of a pre-
synthesised n-ethylanilinium trifluoroacetate protic ionic liquid (PIL) was carried 
out. The PIL served as the monomer precursor, solvent and supporting electrolyte 
and the polymerisation process did not require acid addition due to the protic nature 
of the IL. Two different morphologies of the poly(n-ethylaniline) were achieved by 
using different electropolymerisation approaches and the resultant films were 
soluble in their PIL precursor as well as a wide range of organic solvents. The use of 
anilinium based PILs, as polymerisation precursors, promises a greener approach 
of polyanilines production as well as highly processable polymers for potential 
energy storage electrodes.
The second part of the thesis is dedicated to polythiophenes and especially PEDOT. 
The electropolymerisation of poly(3,4-ethylenedioxythiopene) (PEDOT) from 
the ionic liquid, butyl-methylpyrrolidinium bis(trifluoromethanesulfonyl) imide 
(C4mpyrTFSI), onto flexible carbon cloth electrodes is reported. A continuous, 
homogeneous and well-adhered coating of the individual cloth fibres is achieved by 
employing a sandwich cell arrangement in which the carbon cloth, which is soaked 
with electrolyte, is placed between two indium tin oxide (ITO) electrodes isolated 
from each other by a battery separator. The resultant PEDOT-modified carbon cloth 
electrode demonstrates excellent activity for the oxygen reduction reaction, which 
results from the doping level, conductivity and morphology of the PEDOT layer, and 
is also tolerant to the presence of methanol in the electrolyte. This simple approach 
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therefore offers a route to fabricate flexible polymer electrodes that could be used in 
various electronic applications.
The viability of PEDOT as an electrode material for possible use in Li ion 
batteries was also investigated. The study was carried out mainly by utilising 
the electrochemical impedance spectroscopy (EIS) technique in order to measure 
the electronic and ionic resistivity of PEDOT at negative potentials. The study 
suggests that the polymer maintains its electronic conductivity at very negative 
potentials (0.1 V vs Li/Li+) even though the n-doping process is totally inhibited 
by the presence of Li ions in the electrolyte. The ionic resistance of the polymer in 
this potential range is high which means that ions are impeded from entering the 
conducting polymer as would be the situation during charging of a Li-ion battery 
negative electrode. This may be advantageous in terms of lowering the amount of 
irreversible capacity that is commonly encountered when cycling a conducting 
polymer composite negative electrode. Also, a new approach to develop silicon/
conducting polymers negative electrode composites, which is different from 
traditional methods, was developed where the surface of Si nanoparticles were 
chemically modified with thiophene molecules via electrochemical grafting. This 
thiophene layer will be proposed to serve as anchoring points for poly(3,4-
ethylenedioxythiophene) (PEDOT) to attach to during polymerisation in order to 
yield chemically bonded Si/CPs composite negative electrode. The relatively 
strong Si-C covalent bond formed between the Si surface and the C atom from 
thiophene should ensure a more enduring connection between the Si 
nanoparticles and the CP matrix and hence mitigate the effects of volume 
expansion exhibited by the Si anodes. This study serves as a preface for future 
studies where the grafted Si-thiophene particles will be co-polymerised with CPs 
(e.g. PEDOT or polythiophene), although it focuses on the electrochemical 
grafting process of thiophene onto silicon and the effect of thiophene layer, 
alone, on the behaviour and performance of the modified Si anodes.
C H A P T E R  1
I N T R O D U C T I O N
The contents of this chapter was published as a review article in RSC Advances journal.
RSC Adv., 2015,5, 11611-11626 | DOI: 10.1039/C4RA15947K
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In a modern age characterised by the inevitable transformation from using fossil fuels to greener renewable energy sources, new cutting-edge materials for energy storage are being pursued by scientists to keep up with the surging 
demand for clean energy. Such materials should be able to store or generate high 
amounts of energy in devices that ultimately should be cheap, light weight and easily 
produced to maximise efficiency. Traditionally, energy storage devices such as Li-
ion batteries utilise graphite materials as anodes, but graphite exhibits low capacity 
that can’t match the full energy capacity of lithium [1]. In order to overcome this 
problem, other materials (e.g. silicon anodes and sulphur cathodes) are being mixed 
with carbon powder and adhesive polymers to form an active material embedded 
in a conductive matrix [2]. This approach addresses the capacity problem but the 
composite materials have their own drawbacks [3], as will be addressed further in 
this article. In addition the conductive mixture adds extra weight to the battery 
without contributing to its capacity which is detrimental to applications such as 
electric vehicles.
In fuel cell technology, noble metals such as platinum and platinum-based 
composites are loaded onto high surface area supports and used as electrodes because 
they exhibit high electrocatalytic activity towards the oxygen reduction reaction, 
hydrogen oxidation and small organic molecule oxidation which are typically the 
reactions of choice [4,5]. As for the Li-ion battery case, there is a downside for using 
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such materials due to high cost, dissolution and poor mechanical stability [6,7]. 
All of these drawbacks are indeed slowing down the development of new cutting-
edge energy storage and generation devices, which appears to be falling behind the 
rapid development of energy demanding applications such as ever more powerful 
electronic gadgets and electric cars.
Amidst the race to find materials that may address these issues, conducting 
polymers stand out as promising new candidates replacing traditional materials 
such as metals and metal oxides. This is because of their unique physical and 
chemical properties, such as wide conductivity range, processability, flexibility, 
being light weight, low cost, and the potential to be manufactured on a large scale. 
Furthermore, conducting polymers are structurally and chemically customisable to 
meet the demands of many different applications. This chapter will cover the theory 
behind conducting polymers, their methods of production and customisation as 
well as their role in current and future energy applications.
B A C K G R O U N D  A N D  T H E O R Y
Conducting polymers (CPs) are a subset of a larger group of materials called organic 
polymers that exhibit semiconducting or conducting properties [8,9]. A polymer 
is, according to the International Union of Pure and Applied Chemistry (IUPAC), 
a macromolecule with a high relative molecular weight and composed of multiple 
“poly” repetitive units “mers”. These repetitive units are based on molecules with 
low relative molecular weight [10]. For a long time, polymers were regarded as 
electrically insulating materials and were mostly used for insulating electrical 
components [8,11]. However, it all changed around thirty five years ago when some 
polymers showed semiconducting properties in the accidental discovery of doped 
polyacetylene (figure 1) by Shirakawa and co-workers [12] They quickly noticed 
that the conductivity of polyacetylene was dependent on the level of oxidation and 
that it can be tuned to cover the full range from insulators to metals [13] Indeed for 
harnessing and developing this concept, they were awarded the 2002 Noble prize 
in chemistry [14]. 
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F I G U R E  1 .  Structures of some conducting polymers in their uncharged state.
Since then, CPs have become the focus of many studies in the fields of material 
science and energy due to their interesting and tuneable properties. The outstanding 
electrical and optical properties of CPs are a result of their intrinsic chemical 
structure. They are conjugated and have a backbone of adjoining sp2 hybridised 
orbitals, hence, delocalised π electrons are formed along their backbone [15,16]. One 
of the most studied CPs is polyaniline (PANi) as well as polythiophenes, polypyrrole, 
and polyphenylene vinylene (figure 1) [17–20].
In order to understand the mechanism by which CPs exhibit their electric 
conductivity, band theory is usually applied [9]. In the following sections band 
theory will be discussed in light of quantum theory and molecular orbital theory.
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B A N D  T H E O R Y  E X P L A N A T I O N 
B A S E D  O N  Q U A N T U M  T H E O R Y
The explanation of atomic spectra by quantum theory makes it a very useful tool 
in the process of understanding the band theory [21,22]. According to quantum 
mechanics, atomic particles (e.g. electrons) can only occupy well-defined and explicit 
energy levels [23]. As electrons hop from one energy level to another allowed energy 
level, they give rise to narrow line widths [24]. As atoms in a crystalline solid are in 
close proximity to one another and chemically bonded to their surrounding atoms, 
they cannot be viewed as isolated particles [25]. This is due to the electrons on an 
atom sensing the electric field generated by electrons on other surrounding atoms. 
Hence, fusing of the discrete energy levels into a broad energy band occurs which 
is strongly dependent on the nature of the chemical bond in the solid [26]. Figure 
2 shows a schematic of 3s and 3p orbitals for a single sodium atom that overlap to 
become bands overlapping in energy. These bands are linked to the whole crystal 
rather than to single atoms.
F I G U R E  2 .  Schematic showing the formation of bands in conducting materials (e.g. sodium) 
according to quantum theory. When many atoms are in close proximity to each other their atomic 
orbitals overlap and form a mixed orbital “band”. The blue lines and box represent electron filled 
orbital(s) and the red lines and box represent unfilled orbital(s). The arrows represent the movement of 
electrons between orbitals.
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B A N D  T H E O R Y  E X P L A N A T I O N  B A S E D 
O N  M O L E C U L A R  O R B I T A L  T H E O R Y
Molecular orbital theory gives chemical insight into band theory. For any two given 
atoms (e.g. hydrogen as it is the simplest of atoms, figure 3), their atomic orbitals 
can overlap with one another when they come close to each other. As a result, two 
molecular orbitals known as the bonding and antibonding orbitals are formed 
[26]. These molecular orbitals are delocalized over both atoms. The energy of the 
bonding molecular orbital (σ) is lower than the individual hydrogen atomic orbital, 
while the antibonding molecular orbital energy (σ*) is higher.
F I G U R E  3 .  Diagram of the 
molecular orbitals of the hydrogen 
molecule.
As a result, the molecular orbital that possess the lowest energy forms the bond 
between the two atoms, hence it is termed the bonding orbital, and when these 
overlap is called the valence band, while the molecular orbital with the highest 
energy (i.e. antibonding orbital) when overlapped is called the conduction band 
(figure 4). The valence band (VB) represents the highest occupied molecular orbital 
(HOMO) and the conduction band (CB) represents the lowest unoccupied molecular 
orbital (LUMO) [27]. The gap between the HOMO and LUMO is called the energy gap 
(Eg) which is the range of energies that is unavailable to electrons. It is also known 
—  7  —
C H A P T E R  I
variously as “the fundamental energy gap”, the “band gap”, or the “forbidden gap” 
[9,21]. The conjugated structure of CPs has been found to be essential to permit 
the formation of delocalized electronic states [16]. The degree of delocalization 
determines the size of the energy gap and hence the conductivity of the CP 
(i.e. metallic, semiconducting or insulating, figure 4) [27]. This conjugation and 
alternation of bonds provide a continuous overlap of p-orbitals to form π–π* hybrid 
orbitals that allows charge carriers (e.g. electrons, holes) to move freely along the 
polymer structure in a process that mimics the movement of electrons in metals 
[28]. Table 1 shows the conductivities of some popular CPs [29].
F I G U R E  4 .  Energy band diagram demonstrating different band gap energies.
T A B L E  1 .  List of conductivity and band gap values for some CPs
a Conductivity and band gap values are from different references.
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However, most CPs lack intrinsic charge 
carriers, and thus require partial 
oxidation with electron acceptors (i.e. 
anions) or partial reduction with electron 
donors (i.e. cations) [28]. Both partial 
oxidation and reduction are referred to 
as p-doping and n-doping respectively 
[20]. Charged defects, such as polarons, 
bipolarons and solitons, are introduced 
into the polymer structure as a result of 
the doping process [28]. These defects 
then play the role of charge carriers. This 
is analogous to the p and n doping of Si.
The mechanism by which these charged 
defects are formed is shown in figure 5. 
At first, the addition/removal of electrons 
to the bottom of the conduction band, or 
from the top of the valence band, makes 
the conduction/valence band partially 
filled, and hence facilitates the creation 
of a radical anion/cation (i.e. polaron) [33]. 
Injection of states into the band gap from 
the bottom of the conduction band or 
the top of the valance band results from 
the creation of the polarons. Further 
addition/removal of another electron 
results in the formation of a dianion/
dication (i.e. bipolaron) with a lower total 
energy [33]. Solitons are a special type 
of charged defect that are unique to CPs 
with a degenerate ground state (e.g. trans-
F I G U R E  5 .  Schematic showing the steps of 
formation of a polaron, bipolaron and soliton in 
trans-polyacetylene.
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polyacetylene) and are not present in CPs like polyaniline (PANi), polythiophene, 
poly(3,4-ethylenedioxythiophene) (PEDOT) and polypyrrole [28,33]. They are 
formed when bipolarons further lower their energy state by dissociating into two 
solitons at half of the energy gap [33].
S Y N T H E S I S
Essentially, there are two main methods of synthesising a CP namely; 
electrochemical oxidation and chemical oxidation of a monomer [34,35]. However, 
other exotic methods such as enzyme-catalysed and photochemical polymerisation 
can also be used [36,37]. Typically, polymerisation starts with the monomers as the 
starting material that results in low molecular weight oligomers. These oligomers 
undergo further oxidation to form polymers at potentials lower than the monomer’s 
oxidation potential [34]. This review will discuss mainly the chemical and 
electrochemical polymerisation methods. In the case of chemical polymerisation, 
chemical oxidants such as ammonium persulfate [(NH4)2S2O8], ferric nitrate 
[Fe(NO3)3] and ferric chloride (FeCl3) are used to polymerise the monomers so that 
the polymer precipitates out of solution [17,32,34,38]. On the other hand, in the case 
of electrochemical polymerisation, a potential is applied at an electrode immersed 
in a monomer solution in order to oxidise the monomers so that the polymer 
electrodeposits onto the electrode [4,39].
C H E M I C A L  P O L Y M E R I S A T I O N
Polymerisation occurs when monomers are oxidised by oxidising agents which 
initiate the polymerisation reaction. Typical oxidising agents are ammonium 
persulfate and ferric chloride which have oxidation potentials of E0 = 1.94 V and 
0.77 V respectively [40]. Although, ferric chloride has the lowest oxidation potential 
compared to the other oxidizing agents, it is still a very useful oxidant which 
has been reported to yield up to a 200,000 molecular weight polyaniline chain 
[41]. Some CPs, such as aniline-based CPs, require excess protons and therefore 
relatively acidic pH conditions (pH < 3) are used for polymerisation.42 The use of 
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excess protons is related to the mechanism of polymerisation as well as minimising 
the formation of undesired branched products [17,43–45].
E L E C T R O C H E M I C A L  P O L Y M E R I S A T I O N
Typically, three techniques are used in electrochemical polymerisation; namely 
potentiostatic (the application of a constant voltage), potentiodynamic (a variable 
current and voltage), or galvanostatic (a constant current) at an electrode in a 
solution of the relevant monomer [19,36,46]. Electrochemical polymerisation is 
typically achieved by using a three electrode configuration (i.e. counter, reference, 
and working electrodes). The polymer is then deposited onto the working electrode 
during the polymerisation process. Usually, the working electrode is made out of 
platinum, glassy carbon or indium tin oxide (ITO). Recently, a novel sandwich cell 
setup has been developed by Abdelhamid et al. where a flexible carbon fabric was 
placed between two ITO electrodes upon which PEDOT was electropolymerised 
[4]. Electrolytes such as inorganic acids or protic ionic liquids (PILs) are typically 
required for the polymerisation of PANi however, they are not essential for 
the polymerisation of PEDOT and polypyrrole [43]. As in the case of chemical 
polymerisation, the presence of protons plays many roles such as providing a 
sufficiently acidic pH thus avoiding excessive branching of undesired products as 
well as generating doped forms of the CP [17,43,44].
P O L Y M E R I S A T I O N  M E C H A N I S M
The mechanism of polymerisation of PANi and PEDOT will be discussed in this 
article as examples of CP polymerisation. In general, the overall polymerisation 
reaction can be classified into two major steps (figure 6). First, the monomers are 
polymerised through oxidative polymerisation to give an undoped polymer (figure 
6a–e). Then the neutral polymer is doped as a result of the excess acid or oxidant in 
the case of PANi or PEDOT respectively (figure 6f) [47].
The oxidative polymerisation process can be broken down into three sub-steps;
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a. monomer oxidation into a radical cation (figure 6a and b) [47,48].
b. radical coupling and re-aromatisation yielding a dimer species (figure 6b 
and c) [49].
c. chain propagation (figure 6c–e).
F I G U R R E  6 .  Schematic of the proposed polymerisation 
mechanism of PANi and PEDOT.
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T A I L O R I N G  T H E  P O L Y M E R 
N A N O S T R U C T U R E
Producing conducting polymer nanostructures has been extensively researched 
due to improved properties over their bulk counterparts and their potential 
applications [50,51]. On the contrary to bulk CPs, generally, nano-structured CPs 
exhibit higher electrical conductivity, larger surface area, shorter path length for 
ion transport and improved electrochemical activity [52]. Because of these superb 
properties they show promise in energy applications as well as sensing [53–55]. 
Nano-structuring CPs can be achieved through many different methods. These can 
be categorised under two main approaches, namely template-based and template 
free methods. Both methods will be discussed briefly in this article.
T E M P L A T E - B A S E D  S Y N T H E S I S
Template-based nano-structuring is utilised because it is an efficient and easy 
method to produce a highly controlled CP nano-structure. In template-based 
methods, a template is used to direct the polymer to grow into certain shapes and 
sizes. These templates vary from hard to soft templates where the hard templates 
rely on physically moulding the CPs into shapes, while the soft templates mainly 
rely on self-assembly of the polymer.
H A R D  T E M P L A T E S .  In the hard template method, a physical template serves 
as a mould or scaffold for directing the growth of CPs. These moulds are typically 
composed of colloidal nanoparticles and nano-sized channels (e.g. anodized 
alumina oxide (AAO) and mesoporous silica–carbon templates) [56]. In the case of 
using the colloidal nanoparticles as templates, the monomer is polymerised onto 
the nanoparticles’ surface, thus resulting in a core–shell structure [57]. This is 
followed by the removal of the core template leaving hollow nanostructures of CPs 
(figure 7) [58]. However, the structural integrity and the final shape of these hollow 
nanostructures are often affected by the removal of the core template. A good 
example of the use of nanoparticles as hard templates is the development of PANi 
hollow nanostructures by Wan et al.[ 59]. The PANi nanostructure was achieved by 
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using octahedral cuprous oxide as a template that was then removed by spontaneous 
F I G U R E  7 .  Schematic illustrating the 
steps of nanoparticle templating. (a) is the 
core template, (b) CPs deposition onto the 
nanoparticles core, (c) removal of the core, and 
(d) hollow nanocapsule of CPs.
reaction with an oxidative initiator [59].
In the case of the nano-sized channelled templates, Lee et al. were able to 
electropolymerise PEDOT with MnO2 into nanowires via deposition into an AAO 
template [60]. The composite nanowire had a coaxial structure with PEDOT as the 
F I G U R E  8 .  Schematic illustrating the 
steps of CP nanowire formation. (a) Diffusion of 
monomers and starting materials into the nano-
channelled template, (b) electropolymerisation and 
deposition of the CPs within the nano-channels, 
and (c) removal of the AAO template leaving 
self-standing CP nanowires. Black box is the AAO 
template, gold box is the electrode surface, and red 
lines are the CPs nanowires.
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shell and MnO2 as the core. Figure 8 shows the mechanism and steps of forming 
nanowires from CPs.
S O F T  T E M P L A T E S .  In the soft template synthesis, self-assembling surfactants 
F I G U R E  9 .  Schematic illustrating the steps by which the soft template method produces 
CP nanoparticles.
form micelles that confine the polymerization of the CPs into specific shapes and 
sizes to produce nanomaterials (figure 9). Usually, micro-emulsion and reversed 
micro-emulsion polymerization are used to produce such materials [61].
Micro-emulsion (i.e. oil-in-water) polymerization has the advantage of controlling 
the size of the CP nanoparticles. Monodispersed polypyrrole nanoparticles were 
achieved by Jang et al. via micro-emulsion with alkyltrimethylammonium bromide 
cationic surfactants [62]. They found that the optimum carbon chain length of 
surfactants that is most suitable for micro-emulsion polymerization should be from 
C6 to C16. That is because alkyl chains shorter than C6 exhibit weak hydrophobic 
interactions, while alkyl chains longer than C16 lead to the failure in forming 
self-assembled nanostructures due to their high viscosity. Furthermore, Guo et 
al. controlled the morphology of PANi by using sodium dodecyl sulphate (SDS) in 
a HCl solution [63]. They discovered that the morphology of the self-assembled 
nanostructures is pH dependant. By varying the conditions of polymerisation, such 
as pH and concentration of surfactants, they were able to produce different PANi 
nanostructures like granules, nanofibres, nanosheets, rectangular nanotubes, and 
fanlike/flowerlike aggregates.
One advantage of the micro-emulsion polymerization process is that with little 
modification, nanocapsules, nanocomposite, and mesoporous structures can be 
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produced. Jang et al. exploited this and produced polypyrrole nanocapsules by 
synthesising a soluble polypyrrole core then introducing different initiators with 
different oxidation potentials in order to cross-link the polypyrrole into a shell 
(figure 10) [64]. At first, a polypyrrole core that is soluble in alcohol (due to its linear 
structure) was generated by using cupric chloride (CuCl2) which has a relatively low 
oxidation potential (E0 = +0.16 V). This was followed by the generation of an insoluble 
cross-linked polypyrrole shell by using ferric chloride (FeCl3) which has a higher 
oxidation potential (E0 = +0.77 V). Finally, by adding an excess amount of methanol 
to etch the polypyrrole core as well as the surfactants, polypyrrole cross-linked 
nanocapsules were obtained. In this work the nanocapsules were then carbonised 
to produce carbon nanocapsules. In a different approach, Jang et al. was able to 
F I G U R E  1 0 .  (a) Schematic 
illustrating the fabrication of 
polypyrrole nanoparticles, hollow 
nanocapsules and their carbon 
derivatives. (b) SEM and TEM 
micrographs of (i) polypyrrole 
nanoparticles, (ii) linear polypyrrole/
cross-linked polypyrrole core–shell 
nanoparticles, (iii) polypyrrole 
nanocapsules, and (iv) carbon 
nanocapsules. Reproduced from ref. 
64 with permission from The Royal 
Society of Chemistry.
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produce PEDOT nanocapsules via surfactant-
mediated interfacial polymerization (SMIP) 
[65]. In the SMIP process, the initiator 
couples with the surfactant micelles due to 
electrostatic interactions with the cations of 
the initiator, thus permitting the initiator 
to react with the monomer at the micelle/
water interface to produce hollow PEDOT 
nanocapsules.
On the other hand, reversed micro-emul-
sion (i.e. water-in-oil) polymerisation has 
been reported to produce CP nanostructures 
such as monodispersed nanoparticles, nano-
tubes and nanorods. The morphology is con-
trolled via manipulating the ion–surfactant 
interaction. Using this method, polypyrrole 
nanotubes were produced through chemical 
polymerisation in a reversed emulsion of so-
dium bis(2-ethylhexyl) sulfosuccinate (AOT) 
in a non-polar solvent (figure 11) [66,67]. At 
first, the AOT reverse micelles were formed 
through the interaction between aqueous 
FeCl3 solution and the AOT. Then, pyrrole 
was introduced into the reverse cylindrical 
micelle phase, thus rapidly polymerising due 
to the presence of iron cations within the re-
verse cylindrical micelles. This resulted in 
the formation of polypyrrole nanotubes. Fi-
nally, the AOT and the unreacted reactants 
were removed by rinsing in an excessive 
amount of ethanol. A similar method was 
F I G U R E  1 1 .  (a) 
Schematic illustrating the fabrication 
of polypyrrole hollow nanotubes via 
reversed micelle polymerisation. (b) (i) SEM 
micrograph of polypyrrole nanotubes, and (ii) 
TEM micrograph of a polypyrrole nanotube. 
Reproduced from ref. 67 with permission from 
The Royal Society of Chemistry.
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used by Zhang et al. to produce PEDOT nanotubes [68], as well as Jang et al. to gen-
erate PEDOT nanorods via chemical polymerisation directly onto the micelle [67].
T E M P L A T E - F R E E  S Y N T H E S I S
The template-free method is considered to be the simplest and cheapest of meth-
ods as it requires no template and no post treatment to remove the template [69]. It 
was discovered that PANi could be polymerised into nanotubes without the use of 
templates but instead by conventional chemical polymerisation techniques in the 
presence of β-naphthalene sulfonic acid (β-NSA) as the dopant [70]. Despite the fact 
that control over the morphology of the CP nanostructures is poor in comparison to 
template-based methods, the morphology of template-free produced CPs are found 
to be strongly dependant on the monomer’s structure, dopant, oxidant, and the po-
lymerisation conditions [51,69].
Furthermore, CP nanofibres were produced and morphologically controlled via 
an electrochemical approach. Kalantar-zadeh et al. developed template-free PANi 
nanofibrils via a multi-potential electropolymerisation technique [53]. Figure 12 
shows SEM micrographs of the PANi nanofibril mat generated via this method. At 
first, nucleation sites were generated onto the electrode (e.g. ITO glass electrode) 
by biasing the potential at 0.76 V for 90 s followed by stepping down the potential 
to 0.73 V for 600 s. Finally, the potential was lowered further to 0.68 V for another 
1800 s to continue the growth of the fibrils. They found that the nanofibrils exhib-
ited a tapered shape from the bottom to the top.
Polypyrrole nanowires were produced via cathodic electropolymerisation by Kwon 
et al. [71]. by biasing the potential at 0.6 V (vs. SCE) and stirring the reaction solution 
via a magnetic stirrer at ~700 rpm during the electropolymerisation. They studied 
the effect of time, monomer concentration and dopant concentration on the mor-
phology of the polypyrrole nanostructures (figure 13). Their method utilised an 
electrochemically generated oxidant (NO+), via reduction of nitrate anion, in order 
to oxidise pyrrole monomer at the electrode surface.
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F I G U R E  1 2 .
 (a) SEM micrograph of a PANi nanofibril mat on an ITO 
glass electrode, and (b) higher magnification of picture (a). Reprinted 
from ref. 53 with permission from Elsevier.
This study showed that the polypyrrole started to deposit on the electrode as nano-
spheres and then changed gradually into nanowires (figure 13a). Also, the monomer/
dopant concentration study showed that the polymerisation kinetics, that deter-
mine the morphology of the nanostructures, is affected by the activity of the radical 
cations (figure 13b and c) [71].
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F I G U R E  1 3 . 
SEM micrographs of 
polypyrrole nanostructures 
electropolymerised under 
different conditions; (a) 
polymerisation time (i) 1 min, 
(ii) 2 min, (iii) 3 min, and (iv) 4 
min, (b) pyrrole concentration (i) 
0.025 M, (ii) 0.05 M, (iii) 0.10 M, 
and (iv) 0.20 M, and (c) dopant 
concentration (i) 0.20 M, (ii) 
0.40 M, (iii) 0.60 M, and (iv) 
0.80 M. Reproduced from ref. 71 
with permission from The Royal 
Society of Chemistry.
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A P P L I C A T I O N S
Due to the outstanding chemical, physical and economic advantages of CPs, such as 
wide ranging electrical conductivity, mechanical flexibility, self-healing, facile pro-
duction, easy nano-structuring, high surface area to weight ratio, and low cost, they 
have been incorporated in many applications [34,72]. For each different application, 
the method of polymerisation, the morphology and properties of the CPs can be 
tailored to meet the requirement of the specified application [73]. Therefore, CPs 
are employed in a wide range of applications (figure 14), such as the semiconductor 
industry, corrosion protection, photovoltaic devices, or electrocatalysis to name a 
few [74,75]. Nevertheless, their applications in the field of energy will be the focus of 
the rest of this review.
F I G U R E  1 4 . 
Double logarithmic plot 
outlines the applications of 
CPs as a function of ionic 
(y-axis) and electronic 
resistances (x-axis). 
Reprinted from ref. 74 with 
permission from Elsevier.
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E N E R G Y  S T O R A G E  D E V I C E S
Nanostructured CPs are utilised as materials for electrochemical energy storage 
devices, such as electrolytic capacitors “supercapacitors” and batteries (e.g. Li-ion 
batteries) due to many reasons [55,76]. Firstly, their high surface area in contact with 
the electrolyte, allows for high charge/discharge rates. Secondly, their short path 
lengths for ionic transport allows for faster ionic diffusion within the CP network. 
Lastly, they exhibit a high tolerance towards the strain of an electrochemical reac-
tion, hence improving the cycle life of the device [50]. However, CPs expand during 
the doping process and shrink when de-doped. This repetitive expansion/shrinkage 
behaviour, due to cycling, leads to structural breakdown in the longer term. Never-
theless, the facile micro- and nano-structuring of CPs granted scientists many flex-
ible and efficient routes to design the most efficient conducting polymer structures 
and to improve their electrochemical energy storage ability [77]. The following is a 
discussion on the application of CPs in supercapacitors and battery technologies.
S U P E R C A P A C I T O R S .  Supercapacitors (supercaps) are devices which are 
designed to traverse the gap between batteries and capacitors in order to achieve fast 
charging devices for energy storage with an intermediate specific energy. Figure 15 
illustrates the gap traversing or “bridging the gap” concept between capacitors and 
batteries. Such devices are regarded as the future of the next generation of energy 
storage devices which are used in electric vehicles. Specifically, they could be used 
to harness more regenerative breaking energy and deliver rapid acceleration due 
to their ability to charge and discharge quickly [78]. An extensive review has been 
published by Snook et al. covering the background of CPs as supercapacitor electrode 
materials [78]. Traditional capacitors are made of two conductive plates separated 
by a dielectric medium. They operate by accumulating charge with different signs 
on the conductive plates as a result of a potential difference between them. The 
capacitance of these traditional capacitors usually ranges from μF to mF [78,79].
In this rapidly evolving research field, capacitors were fabricated to provide 
much more capacitance (102 to 103 F) and for that reason they were called 
supercapacitors. Such supercaps typically utilised high surface area carbon based 
electrodes[80]. 
—  22  —
C H A P T E R  I
Basically, these are composed of two electrodes connected in series with a 
conducting liquid media in between. The supercaps operate by utilising the double-
layer capacitance and hence are often known as electrochemical double-layer 
capacitors (EDLC). The capacitance is stored as accumulated charge in the electrical 
double-layer at the electrode/solution interface.
F I G U R E  1 5 . 
Ragone plot illustrates different 
types of energy-storage devices 
as a function of specific power 
and energy. Reprinted from 
ref. 78 with permission from 
Elsevier.
Pseudocapacitors are another type of supercapacitor, in which the capacitance is 
stored as accumulated charge in the bulk of a redox material as a result of a redox 
reaction. This redox reaction is rapid and behaves like a capacitive charge [19,81]. 
In a pseudocapacitor, the bulk of the material is exposed to the redox reaction on 
the contrary to the EDLC where just the surface layer participates in the process. 
This enables pseudocapacitors to hold a greater amount of capacitance per weight 
in comparison with an EDLC. However, the EDLC has faster kinetics because only 
the surface is involved. CPs are a good example of materials that are being used as 
pseudocapacitors. 
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Figure 16 illustrates the difference between EDLCs and CP-based supercaps. Due 
to their structure that aids fast ionic sorption/desorption, carbon-based supercaps 
(i.e. EDLCs) exhibit high power capabilities [82]. CPs are expected to improve the 
energy storage devices as a result of the redox reaction which they undergo in order 
to store charge in the bulk of the material and hence increasing the energy stored. 
However, the slow diffusion of ions within the bulk of the CP electrode leads to 
relatively low power (i.e. low rate of charge/discharge). Nevertheless, CPs have many 
advantages which counteracts such a drawback and they are still proposed to be 
able to bridge the gap between batteries and EDLCs as CP electrodes exhibit faster 
electron transfer kinetics than other materials, such as metal oxides [82]. As well 
as their previously discussed properties, they have the potential to be specifically 
engineered into specific nanostructures in order to optimise CP electrodes for 
maximum capacity uptake. Such optimisation can be achieved by manipulating the 
morphology and surface area per weight of the CP electrodes, as the capacitance of 
any given capacitor is proportional to the surface area of the electrode (equation 1),
. . . ( 1 )
where ε0 is the permittivity of a vacuum (8.85 pF m−1), εγ is the relative permittivity of the dielectric ma-
terial, A is the surface area of the electrode, and d is the thickness of the dielectric material. It is essential 
for the electrode material to have a high surface area,72 which can be achieved by the use of CPs.
F I G U R E  1 6 .  Illustration of the mechanism of 
charging of (a) EDLCs (carbon), and (b) pseudo-capacitor 
(CPs). Reprinted from ref. 78 with permission from Elsevier.
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CPs-based supercaps can be organised under three different categories depending 
on their setup configuration:[83,84]
• Type I (symmetric) in which both electrodes are the same p-dopable CP (e.g.
PEDOTp|PEDOTp).
• Type II (asymmetric) in which two different p-dopable CPs are used for each
electrode (e.g. PEDOTp|PANip).
• Type III (symmetric) in which the same CP is used for both electrodes where
the p-doped form is for the positive electrode and the n-doped form is for the 
negative electrode (e.g. PEDOTp|PEDOTn).
The most attractive category is the type III-based device where it is composed 
entirely of the same CP with different doping states. In theory, both electrodes would 
be doped (i.e. n-doped and p-doped for each electrode) in the charged state, hence 
the electrodes should be highly conductive.85 As a result, the potentials required 
to release the charge is very high (i.e. ≥3 V) compared with the other two types 
[86]. This high discharging potential should lead to high specific energy and power 
according to equation 2 [87]. However, the practical performance of these types of CP 
supercaps is not as good as theorised due to the difficulty of the n-doping process. 
The high impedance at the highly negative potential, at which the n-doping takes 
place, leads to chemical instabilities and hence the difficulty of n-doping such CPs.
E = ½ C V ²
The three CPs mainly used as supercaps electrode materials, are PANi, PEDOT, 
and polypyrrole. In the case of PANi, extensive studies have been undertaken to 
test it as a supercapacitor material [83,88]. Wu et al. fabricated PANi electrodes 
electrochemically for supercaps via dissolving aniline into acidic suspensions 
of negatively charged multi-walled carbon nano-tubes (MWNTs) [42]. Then, the 
MWNT–PANi composite films were polymerised into a nanoporous structure via 
galvanostatic polymerisation (figure 17). In comparison to PANi films, the MWNT–
PANi composite films exhibited similar electrochemical response rate. Significantly, 
however, the MWNTs–PANi composite were more electrically conducting and 
. . . ( 2 )
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mechanically stable. Furthermore, the composite material’s capacitance per surface 
area was found to be 3.5 F cm−2 which surpassed the non-composite material’s 
capacitance (i.e. 2.3 F cm−2) [42].
PEDOT was also explored as a supercapacitor electrode material by Snook et al.[89]. 
The CP was electropolymerised via potentiostatic oxidation of the monomer at 1.0 
V vs. Ag/AgCl (3 mol L−1 KCl). At this potential, and a deposition charge of 60C cm−2, 
PEDOT grew as a coherent and porous film on a Pt electrode with high current 
efficiency whereas polypyrrole grew into a dense film under the same conditions. 
The PEDOT film was allowed to grow up to 0.5 mm thickness. These films showed a 
linear increment in capacitance and a practical capacitance of 5 F cm−2, as measured 
by both cyclic voltammetry (CV) and electrochemical impedance spectroscopy 
(EIS). The specific (areal) capacitance of PEDOT was found to be much higher than 
PANi’s (~2.0 F cm−2) and polypyrrole’s (≤1.0 F cm−2). Figure 18 shows the SEM image 
of the electropolymerised PEDOT plus a plot of the electrode specific capacitance as 
a function of polymerisation charge.
L I - I O N  B A T T E R Y  E L E C T R O D E S .  Rechargeable Li-ion batteries are a 
potential solution for high-density energy storage and they have rapidly become 
integrated in a wide range of technological applications such as, portable electronic 
devices, electric vehicles, and grid-scale energy storage [90]. Li-ion batteries have the 
highest specific energy of all rechargeable batteries. However, they still have some 
difficulties to overcome in order to meet the requirements for many applications 
such as, grid storage and electric cars [91]. This is because of some limitations in 
the main components of the battery, namely, the positive and the negative 
electrode.
Firstly, one of the most widely proposed materials for Li-ion battery cathodes is 
sulphur due to its high theoretical specific capacity (1672 mA h g−1), while the energy 
density of the Li-ion/S battery is 2600 W h kg−1 [92]. Two major drawbacks are 
associated with the use of sulphur as a positive electrode material. The first one is 
low specific capacity of the sulphur due to its high electrical resistivity. The 
second obstacle is the shuttle effect where polysulfide intermediates form during 
the charging/
—  26  —
C H A P T E R  I
F I G U R E  1 7 .  SEM micrographs of (a) 
the surface of a MWNT–PANi polymerised via 
galvanostatic polymerisation at 1 mA for 5 min, 
and (b) higher magnification of the rectangle in (a), 
showing the nanoporous network of MWNTs–PANi 
composite. Reproduced from ref. 42 with permission 
from The Royal Society of Chemistry.
F I G U R E  1 8 .  (a) SEM micrograph of PEDOT 
electropolymerised via potentiostatic polymerisation 
(deposition charge: 30 C cm−2). Inset: photograph of 
a PEDOT film (60 C cm−2) on a Pt disc electrode). (b) 
Plot of the electrode specific capacitance as a function 
of polymerisation charge. Values measured by elec-
trochemical impedance spectroscopy (EIS) and cyclic 
voltammetry (CV) are both presented. Reprinted from 
ref. 89 with permission from Elsevier.
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F I G U R E  1 9 .  Illustration of the 
encapsulation of carbon/sulphur particles 
with PEDOT:PSS for improving polysulfides 
encapsulation. (a) Carbon/sulphur particles 
without PEDOT:PSS coating (grey: carbon, 
yellow: sulphur, and green: polysulfides) 
and the polysulphides leak out of the carbon 
matrix during charge/discharge process. (b) 
With a PEDOT:PSS coating (blue colour) 
where the polysulfides are encapsulated 
within the composite and therefore lithium 
ions and electrons can move in and out. 
Reprinted with permission from ref. 96 
Copyright (2011) American Chemical Society.
discharging process which can dissolve into the electrolyte and diffuse to the 
negative electrode. When the polysulfide species reach the negative electrode, 
they react with lithium and form insoluble Li2S and Li2S2 at the negative electrode, 
thus leading to fast capacity fading [93]. Many attempts to overcome these 
challenges have been undertaken such as loading the sulphur into porous carbon 
materials via ball milling and high temperature infiltration [94]. These porous 
carbon materials, developed by Nazar et al., serve as conducting networks for 
electron transport as well as an encapsulation matrix for the polysulfide 
intermediates [95]. Nevertheless, these types of composites are not efficient in 
keeping the soluble polysulfide species out of the electrolyte for long giving a 
poor cycle life.
Therefore there is a need for a material that can improve the entrapment of 
polysulfides while at the same time, is conductive, and hence CPs rise as a suitable 
candidate. The utilisation of CPs to help encapsulate the sulphur was explored by 
Cui et al.[96] These authors used encapsulated carbon/sulphur particles with 
PEDOT:PSS† (figure 19).
† PSS: polystyrene sulphonate
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This resulted in the reduction of polysulfide dissolution, and hence improvement in 
the battery performance. They reported an increase of ~10% in the initial discharge 
capacity (1140 mA h g−1) compared with the non-coated carbon/sulphur particles. 
Furthermore, capacity retention was notionally improved from ~60% per 100 cycles 
to ~85% per 100 cycles and the coulombic efficiency increased from 93% to 97%.
Recently, Chen et al. utilised CPs in sulphur cathodes with a different approach. 
They generated sulphur-coated PEDOT core/shell nanoparticles (10–20 nm) via 
a membrane assisted precipitation technique (figure 20) [97]. The nanosize of the 
sulphur particles led to a high specific surface area and the PEDOT provided the 
conductive matrix for electron transport. The PEDOT also served as an effective 
encapsulation shell to entrap the polysulfides and prevent dissolution into the 
electrolyte. As a result, the sulphur positive electrode composite exhibited 
excellent cyclic durability and performance with an initial discharge capacity of 
1117 mA h g−1 and a capacity retention of 83% per 50 cycles [97].
Furthermore, the negative electrode in the Li-ion battery is usually made out of 
graphite but it has a very low specific capacity of ~370 mA h g−1 that does not 
meet the high energy supplied from the lithium positive electrode. As a result, 
silicon has been proposed to replace graphite as an negative electrode material 
because of its high theoretical specific capacity of ~4200 mA h g−1, its relatively 
low discharge potential (~0.5 V vs. Li/Li+), and its environmental safety [98]. 
Nevertheless, silicon has some limitations due to volume expansion that reaches 
up to ~400% during the lithiation process [99]. This massive volume expansion 
results in structural fracture, and hence loss of electrical contact as well as 
breaking and re-formation of an unstable solid electrolyte interface (SEI) in the 
subsequent cycles which consumes the electrolyte [3].
In order to overcome such limitations, nanostructured silicon materials were 
explored as a replacement for macro- and microstructured silicon [100,101] and the 
use of such nanomaterials led to longer cycling life [101]. Moreover, anodes, in slurry 
form, were fabricated from Si nanoparticles and various polymeric binders such 
as, polyacrylic acid (PAA), polyvinylidene difluoride (PVdF), and carboxyl-methyl 
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F I G U R E  2 0 .  Illustration of the preparation of sulphur/PEDOT core/shell nanoparticles and 
their application as positive electrode materials. On the left, the synthesis of sulphur nanoparticles 
via a mem-brane-assisted precipitation method is shown. In the middle, the encapsulation of the 
sulphur nanopar-ticles with a PEDOT shell via oxidation polymerisation. On the right, sulphur/
PEDOT nanoparticles as the positive electrode material that allows electron transport and Li ions to 
diffuse while limiting the polysulfide dissolution is shown. Reprinted by permission from Macmillan 
Publishers Ltd: Scientific Reports,97 copyright (2013).
cellulose (CMC) were used in order to improve the cycle life [102,103]. The Si/PAA 
and Si/CMC composites exhibited an improved cycle life due to the binding between 
the functional groups on the polymers and the oxide layer on the silicon particles.
In the last few years, many attempts to utilise CPs with Si anodes were undertaken. 
A special variant of CPs was tested by Liu et al. in order to overcome some of the 
Si negative electrode drawbacks [103]. Their polyfluorene-type polymers served 
as a conductive binder to overcome the volume expansion problem. Recently, Cui 
et al. achieved a high performance Li-ion battery by incorporating a PANi 
hydrogel into the silicon negative electrode [1]. They encapsulated the Si 
nanoparticles within the PANi 3D porous network via in situ polymerisation, 
which is highly scalable (figure 21). The CP served as a conductive network for 
fast electron and ion transport as well as providing the proper space for the Si to 
expand. They reported 5000 cycles with high capacity 
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retention (~90%). The PANi network was polymerised and doped with phytic acid 
which allowed the cross-linking of the polymer to form a gel which also aided the 
PANi network to attach to the silicon surface.
F I G U R E  2 1 .  Illustration of the 3D porous Si nanoparticles/conductive polymer hydrogel 
composite electrode. PANi hydrogel framework encapsulate the Si nanoparticles. Si nanoparticles 
are coated with the PANi layer either through interactions between surface –OH groups and 
the phosphonic acids in the cross-linker phytic acid molecules (right column), or the electrostatic 
interaction between negatively charged –OH groups and positively charge PANi due to phytic 
acid doping. Reprinted by permission from Macmillan Publishers Ltd: Nature Communications,1 
copyright (2013).
F U E L  C E L L S
Typically in fuel cells, noble metal nanoparticles such as platinum and platinum 
based composite materials are utilised via immobilisation on high surface area 
substrate materials in order to serve as cathodes. These cathodes are used for the 
oxygen reduction reaction (ORR), which is an important half-cell reaction in fuel 
cells, because of their high activity and high current density [5,104]. However, the 
use of such nanomaterials has some drawbacks, thus limiting their application in 
fuel cells. Such drawbacks are mainly cost, poor mechanical attachment in the case 
of composite electrodes and the susceptibility to dissolution.6 On the other hand, 
CPs and, especially, PEDOT have exhibited good non-metal based catalytic activity 
and is regarded as an alternative to Pt for the ORR which has been demonstrated 
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by many groups [105–108]. The idea of replacing the precious and expensive Pt with 
CPs is highly attractive.
The ORR follows two different pathways depending on the nature of the catalyst 
on which the reaction is taking place. The first pathway (equation 3) is a 4-electron 
step where oxygen is completely reduced into hydroxide in one direct step as 
demonstrated by Winther-Jensen et al. [105]. The second pathway is two consecutive 
2-electron steps where oxygen is reduced to peroxide then to hydroxide (equation 
4a and 4b).
O 2 + 4 e − + 2 H 2 O ➙ 4 O H −      . . . ( 3 )
O 2 + 2 e − + 2 H 2 O ➙ O H − + O 2 H −     . . . ( 4 a )
O 2 H + 2 e − + H 2 O ➙ 3 O H −      . . . ( 4 b )
The first pathway is the desired one as it is kinetically fast on the contrary to the 
second pathway which is sluggish and inhibits the performance of any fuel cell. 
Winther-Jensen et al. were able to fabricate a highly catalytically active PEDOT 
film by vapour deposition [105], where oxygen could be reduced to hydroxide 
through the desired direct 4-electron step. Moreover, they explored the effect of 
the polymerisation method on the catalytic activity of PEDOT towards the ORR.106 
They found that the catalytic pathway for the ORR is significantly dependant on 
the polymerization method used to generate the polymer. Interestingly, for PEDOT 
prepared via conventional electrochemical methods, the ORR only proceeded via 
the 2-electron steps pathway and is still not fully understood.
Recently, a novel technique was employed by Abdelhamid et al. to electropolymerise 
PEDOT from an ionic liquid onto a carbon cloth using a sandwich cell setup (figure 22) 
[4]. The use of this approach prevented PEDOT from diffusing back into the reaction 
solution as observed using a conventional three electrode cell setup in a large volume 
of electrolyte. The resultant PEDOT electrode exhibited activity towards the ORR 
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over a wide range of pH with less generation of the peroxide intermediate compared 
with the same material polymerised in acetonitrile while also being tolerant to the 
presence of methanol in the electrolyte. It was found that the cell setup in addition 
to the polymerisation solvent affected the morphology of the polymer deposited 
onto the substrate and hence the ORR activity of the produced PEDOT electrode.
F I G U R E  2 2 .  Illustration of the electropolymerisation method used to 
polymerise PEDOT onto carbon cloths. The carbon cloth is wetted with EDOT in 
C4mpyrTFSI IL or 1 M LiTFSI in acetonitrile and covered with a battery separator 
from one side and then sandwiched between two ITO–glass electrodes. Reprinted by 
permission from Wiley: ChemPlusChem,4 copyright (2015).
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C O N C L U S I O N S
The ability of conducting polymers to be structurally engineered in order to 
meet specific applications has led to their wide utilisation in many important 
technological fields, such as energy storage and generation. Their structures can 
be varied from nanoparticles, nanowires, nanotubes, and nano-hollow capsules 
by controlling the polymerisation conditions. Also, their excellent chemical and 
physical properties, such as high surface area, short path lengths for electronic 
and ionic transport, their high tolerance towards the strain of an electrochemical 
reaction, has promoted them to be among the most widely studied materials for 
energy applications. These include supercapacitors, lithium-ion batteries and fuel 
cells. Given that CPs have the potential to be manufactured on a large scale and 
are solution processable makes them particularly attractive for applications that 
require flexibility such as wearable electronics and structural batteries that can be 
employed on the panels of vehicles.
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This chapter discusses the techniques, methods and procedures used to analyse the chemicals and materials used in this thesis. The general methods outlined in this section will be introduced in order to avoid repetition during 
the following chapters.
C Y C L I C  V O L T A M M E T R Y
Voltammetry is one of the most common electrochemical techniques used to study 
redox couples. In this technique, the rate in which the potential changes with time 
is referred to as the scan rate (v). The potential (E) represents the amount of electrical 
force or energy applied in volts (V) to a system in order to drive a reaction. The current 
(I) is the magnitude of the electric charge flowing in a system which is measured in 
amperes (A) [1, 2]. In a cyclic voltammetric (CV) experiment, a potentiostat is used 
to apply a triangular potential ramp to the working electrode in order to gradually 
change the potential while recording the change in the current. The scan direction 
is then reversed at a potential generally denoted as the switching potential, and is 
commonly but not necessarily, returned to the initial potential (figure 1).
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F I G U R E  1 .  Graph shows the excitation waveform signal 
for cyclic voltammetry and the associated current response
The common characteristic of all voltammetric techniques is that they involve the 
application of a potential (E) to an electrode and the monitoring of the resulting 
current (I) flowing through the electrochemical cell. The applied potential is varied 
and the current is monitored over a period of time (t). Thus, all voltammetric 
techniques can be described in terms of an E, I, and t relationship.
In voltammetry, the relationship between the applied potential and the current for 
the redox process are described by several well-known laws. The applied potential 
controls the concentrations of the oxidised (C0
Ox
) and reduced (C0Red) species at the 
electrode surface and the rate of the reaction is described by the Butler-Volmer 
equation [3]. When diffusion plays a controlling part, the current resulting from 
the redox process, which is known as the faradaic current, is related to the material 
flux at the electrode/solution interface. The interplay between these relationships 
is responsible for the characteristic features observed in the various forms of 
voltammetry. For a reversible electrochemical reaction, the application of a 
potential E produces a ratio of concentrations at the working electrode surface that 
is in compliance with the Nernst equation (equation 1):
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. . .  ( 1 )
where R is the universal gas constant, T is the absolute temperature in (K), n is 
the number of electrons transferred, F is Faraday constant and E0 is the standard 
reduction potential for the redox couple. If the potential applied to the electrode 
is changed, the concentration ratio at the surface will also change so as to satisfy 
(equation 1). If the potential is made more negative the ratio becomes larger and, 
conversely, if the potential is made more positive, the ratio becomes smaller.
R O T A T I N G  D I S K 
E L E C T R O D E  ( R D E )
Performing voltammetric measurements at a rotating disk electrode is an 
electrochemical technique that is utilised in order to investigate kinetics of 
reactions and has been well established by Levich and Riddiford [4-8]. Here, we 
use the technique to distinguish the mechanism or reaction pathway of the ORR 
on the PEDOT coated substrate. Simply, the RDE technique requires three main 
components namely; a disk electrode, potentiostat and a device for controlling 
rotation speeds. The disk electrode attaches to the rotation device which is then 
connected as the working electrode to the potentiostat. The rotation speed is set to a 
specific value (rpm) followed by starting the desired electrochemical measurement 
(e.g. cyclic voltammetry, linear sweep voltammetry...etc). This technique overcomes 
the convective mass transport at the electrode surface via hydrodynamics. In this 
case, the effect of convective movement of ions at the electrode surface on the overall 
current is almost eliminated via deliberate introduction of controlled convection 
movement (i.e. rotating the electrode inside the solution during measurements), 
thus the overall current becomes mostly limited by the diffusion of ions at the 
electrode surface (figure 2) [9].
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F I G U R E  2 .  Illustration shows the 
effect of the electrode rotation on movement 
of ions near the electrode surface.
S C A N N I N G  E L E C T R O C H E M I C A L 
M I C R O S C O P Y  ( S E C M )
Scanning electrochemical microscopy is an electrochemical probing technique 
developed in 1989 by Bard et al. in order to characterise and probe the electrochemical 
activity of liquid/solid and liquid/liquid interfaces [10-12]. In the current work, it 
is used to detect any reaction intermediates leaving the working electrode surface 
during the course of the ORR. Figure 3 shows the configuration and instrumentation 
of an SECM experiment. Briefly, the main components, that a typical SECM 
instrument consists of, are the ultramicroelectrode (UME, probe), bipotentiostat 
and 3D-positioner. The UME is the main tool for probing which is composed of 
glass coated platinum or carbon fibre disk electrode with a micrometer diameter 
tip (usually ≤ 25 μm). The UME connects to a bipotentiostat (i.e. with two working 
electrode connections) that controls the potential versus a reference electrode 
across the UME and/or another substrate to measure the output current.
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The probe is held by a 3D positioner in order to move the tip over the substrate’s 
surface in x, y and z directions. The 3D-positioner mainly utilises a stepper motor 
for rough positioning of the probe over the sample and an XYZ piezo motor for 
accurate and fine positioning of the probe’s tip down to micron movements. Finally, 
a computer connects to the bipotentiostat and the 3D-positioner for controlling the 
parameters and data acquisition [13, 14].
The SECM tip is usually placed via a mediator solution to within 10 micron of the 
working/substrate electrode. A solution of redox active species, usually ferrocyanide, 
was placed in an SECM cell where the SECM tip was biased at a potential to reduce/
oxidise the redox species near the tip surface. Then, the SECM tip was lowered at 
constant rate to approach the substrate. By monitoring the current feedback from 
the SECM tip during its dependence, two possible outcomes could be observed. 
The first outcome is an increase in the current feedback, in case of a conducting 
substrate, where the reduced/oxidised species at the tip’s surface diffused to the 
substrate and were oxidised/reduced back, respectively. The second possibility is a 
decrease in the current feedback due to an insulating substrate where the reduced/
oxidised species could not convert back to their original redox state. The operating 
principle behind the SECM is based on measuring the current associated with the 
F I G U R E  3 .  Schematic illustration shows SECM instrumental configuration
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diffusion layer near the UME’s tip [15]. When the UME is biased at negative potential 
that is sufficient to reduce an oxidised species (e.g. H2O2) in proximity to its surface 
(i.e. in the diffusion layer), a diffusion limited current is generated at the UME’s tip. 
This current is controlled by the diffusion of the oxidised species towards the tip 
surface and described by (equation 2);
. . .  ( 2 )
where id  is the diffusion limited current, n is the number of electrons, F is Faraday 
constant, C is the reactant concentration, D is the diffusion coefficient and a is the 
radius of the UME’s tip.
Substrate generation/tip collection (SG/TC) mode was used in this work [12-14]. The 
substrate, in this case PEDOT-coated carbon cloth, is biased at negative potential 
that is sufficient for a reaction to take place at the surface (e.g. reduction of oxygen) 
and generate the product measured at the UME’s tip (i.e. the oxidised species as 
peroxide) while the tip is biased at a potential sufficient for the generated product 
to be reduced or collected. In this mode, there are two types of current measured 
which are the generation current (at the substrate) and the collection current (at the 
tip) and the closer the tip is to the substrate, the more efficient is the collection [10, 
14, 16]. In this work, SG/TC was used in order to detect the presence of peroxide if 
generated during the ORR.
E L E C T R O C H E M I C A L 
I M P E D A N C E  S P E C T R O S C O P Y 
The electrochemical impedance spectroscopy (EIS) technique measures the 
dielectric properties as a function of frequency for a given sample [17, 18]. Impedance 
is similar in concept to resistance, but it is not restricted by several definitions 
placed on an ideal resistor, such as the response is independent of the frequency, 
the current and voltage through the resistor are in phase, and it follows Ohm’s Law 
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for all currents and voltages. The study of electrochemical impedance is performed 
by the application of an AC signal of a fixed amplitude and a set potential to the 
working electrode. Then, the frequency of the AC signal is varied across a range 
of values (1 mHz to 1 MHz) [19]. The impedance (Z) (i.e. dynamic resistance to the 
sinusoidal current flow) is then calculated as the ratio of the applied potential (V) 
to the current (I) passed at time (t, equation 3), which is similar to the measurement 
of resistance in linear systems. This relationship is then calculated using the right 
hand side of equation 3, which is expressed as a function of the maximum voltage 
(V0), the maximum current (I0), the angular frequency of the signal ( =2πf, where 
f is the frequency of the AC signal), the phase difference between the voltage and 
current (It) and the time (t).
. . .  ( 3 )
Also, the impedance may be expressed in the Cartesian form shown in equation 
4 [20], where the impedance at a given angular frequency is the sum of a real 
impedance value (Z
r
) and an imaginary impedance value (Zi) multiplied by j (√-1).
. . .  ( 4 )
Nyquist plot is based on this equation, in which -Zi is plotted against Zr (sometimes 
referred to as -Z” and Z’, respectively). These plots contain a variety of elements, 
such as hemispherical or depressed hemispherical regions as well as linear sections. 
Typically the EIS data are analysed by mimicking the different features present 
with the electrical behaviour of an equivalent circuit, often composed of elements 
such as resistors, capacitors and inductors [21].
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C H A R G I N G / D I S C H A R G I N G 
C Y C L E  M E A S U R E M E N T S
This type of measurement involves applying a constant current to the cell and 
observing the resultant voltage and how that cell responds to the applied current 
over time. The magnitude of the current remains constant whilst the current is 
switched between positive and negative values. Cycling data is usually represented 
as a voltage vs. time graph (figure 4).
F I G U R E  4 .  Voltage vs. time graph for 
Si negative electrode containing cell at C/7 charging/
discharging rate in 1 M LiTFSI 1:1 EC:DMC 
electrolyte.
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S C A N N I N G  E L E C T R O N 
M I C R O S C O P Y
While based on similar principles to conventional optical microscopy, Scanning 
Electron Microscopy (SEM) exhibits greater resolution power regarding to imaging 
samples’ surfaces. Imaging in optical microscopy is achieved via the illumination 
of the sample with visible light, which is reflected towards a series of lenses where 
the image is magnified. The wavelength of the illuminating light puts limitations 
on the resolution that can be achieved by the optical microscope as the wavelength 
of visible light ranges between 400-700 nm, and hence gives an order of hundreds 
of nanometres resolution limitation. This limit is approximately equal to λ/2 and 
is known as the Abbé diffraction limit and, where λ is the wavelength used to 
investigate the sample [22].
On the other hand, in SEM a beam of electrons is utilised rather than visible light, 
where the former has a considerably smaller wavelength of 0.4 Å for an electron 
with an energy of 1000 eV [23]. Imaging is achieved by directing a beam of electrons 
from an electron gun source within an evacuated chamber through a series of 
magnetic lenses which collimate and focus the beam to a fine point (figure 5) [24]. A 
different number of outcomes are possible when the electron beam interacts with 
the sample, including the release of secondary electrons, which result from the 
excitation and emission of a surface electron [24, 25]. The emission of secondary 
electrons is a surface sensitive phenomenon, hence is used in order to provide a 
surface image. This is done by scanning the electron beam across the surface and 
correlating the intensity of the detected secondary electrons with the position of 
the beam on the surface [26].
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F I G U R E  5 . 
Diagram showing 
the main components 
of an SEM
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T R A N S M I S S I O N  E L E C T R O N 
M I C R O S C O P Y 
Transmission electron microscopy (TEM) is another form of electron microscopy. It 
follows similar principles to the SEM as the sample is analysed via interaction with 
a beam of electrons [24]. However, rather than detecting the secondary electrons 
emitted from a surface as in SEM, the transmitted electrons through the sample 
are detected. These transmitted electrons are detected via a photographic plate 
or a digital detector below the sample (figure 6). The incident beam of electrons is 
relatively wide compared to the beam used in SEM and does not require the surface 
to be scanned with the beam. The technique requires the electrons to be accelerated 
to a much higher voltage (between 100-200 kV) than is used for SEM (between 
5-30 kV) in order to ensure that a significant number of electrons are transmitted 
through the sample. This transmitted beam of electrons contains information 
about the surface, individual atoms within lattices, and diffraction patterns which 
reflect the crystallographic orientation of the sample [27, 28]. However, one of the 
major limitations for the technique is that the sample must be very thin in order to 
allow the transmission of a sufficient number of electrons through the sample [23, 
28]. Usually, special sample preparation is required, such as the dispersion of the 
sample on a holey TEM grid.
X - R A Y  P H O T O E L E C T R O N 
S P E C T R O S C O P Y 
X-ray photoelectron spectroscopy (XPS) is a surface elemental analysis technique. 
In this technique, a beam of incident X-rays excites the electrons from the surface 
atoms, which results in the emission of these electrons from the surface (figure 7) 
[29]. The XPS technique is opposite to that of EDX where XPS relies on detecting 
electrons emitted due to excitation from an X-ray beam where in EDX an electron 
beam is utilised to excite the surface and generate the X-rays. XPS needs to operate 
under high vacuum in order to detect the emitted electrons and to minimize any 
losses in the energy of the emitted electrons [30, 31]. Since the energy of the X-ray 
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F I G U R E  6 .  
Diagram showing 
the main components 
of a TEM
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beam (hν) is known, the kinetic energy of the emitted electrons (EK) can be measured 
and a correction for the work function of the solid (EW) can be made, and therefore 
the characteristic binding energies (EB) of the elements can be determined [30, 31], 
as given by Equation 5 [32]. Any loss in these kinetic energies due to collision with 
gases in the chamber will lead to falsely recorded binding energies, and hence a 
high vacuum is required to obtain reliable results.
. . .  ( 5 )
XPS is a particularly surface sensitive technique, which is sensitive to electrons 
emitted from approximately the top 10 nm of the surface [30, 33]. Although the 
X-rays beam may penetrate further into the sample, the emitted electrons from 
these regions do not possess enough energy to travel to the surface of the material 
and are therefore not used to provide information on the surface composition [29].
F I G U R E  7 .  Illustration 
of XPS experiment mechanism
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E N E R G Y  D I S P E R S I V E 
X - R A Y  S P E C T R O S C O P Y 
As previously mentioned, the interaction of an electron beam with a sample results 
in different emissions, one of which is the excitation of a core shell electron to an 
excited state. When it decays back to its ground state, it results in the emission 
of an X-ray. The energy of these X-rays is characteristic of the atomic shells from 
which they were released, and can therefore be used to provide qualitative and 
quantitative information on the elemental composition of a surface [27, 34]. As both 
the TEM and SEM utilise beam of electrons in the investigation of samples, both of 
these techniques generate X-rays as by-products and thus energy dispersive X-ray 
spectroscopy (EDX) may be used through either of these techniques. 
When the beam of primary electrons hit the sample, the electrons tend to penetrate 
into the surface in a tear-drop like shape (figure 8) [24]. Only the surface and near-
surface atoms are able to release secondary electrons which can be detected due to 
collisions of the inner atoms’ electrons on their way to the detector. On the other 
hand, the X-rays generated are not hindered and can reach the detector from inside 
the sample. This property means that EDX probes not only the immediate surface 
layer but also to a larger degree the sub-surface layers (i.e. more depth profiling 
than XPS). EDX can therefore be considered to be more representative of the bulk 
composition of the material rather than as a surface sensitive technique.
F I G U R E  8 .  Illustration of 
the different particles generated 
during the exposure to an electron 
beam in an SEM measurement
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R A M A N  S P E C T R O S C O P Y
Raman is a spectroscopic technique in which a sample is illuminated with a laser 
beam. The laser interacts with molecular vibrations, resulting in a shift in the 
energy of the laser photons. This shift in energy provides information about the 
vibrational modes within the sample. The photons from the illuminated spot are 
collected with a lens and sent through a monochromator. Wavelengths close to the 
laser line, due to elastic Rayleigh scattering, are filtered out while the rest of the 
collected light is collected onto a detector [35].
F I G U R E  9 .  Energy level diagram showing the 
different states involved in Raman spectra
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The Raman effect occurs when light interacts with the electron clouds and the 
bonds within molecules. Photons excite the molecule from the ground state to a 
virtual energy state. When the molecule relaxes it emits a photon and it returns to a 
different ground state. The difference in energy between the original state and this 
new state leads to a shift in the emitted photon’s frequency. The emitted photon will 
be shifted to a lower frequency if the final ground state of the molecule is higher 
than the initial state and vice versa (Stokes and Anti-Stokes shifts respectively, 
Figure 9).
Raman shifts are typically measured in wavenumber, which is the inverse of 
length units. In order to convert the wavelength to shift wavenumber in the Raman 
spectrum, equation 6 can be used:
. . .  ( 6 )
where Δω is the Raman shift expressed in wavenumber, λ0 is the excitation 
wavelength, and λ1 is the Raman spectrum wavelength.
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P A R T  1 
P A N I
This part of the thesis focuses 
on polyaniline and its derivatives. In this 
part, the control over the morphology of PANi 
via electrochemistry is discussed. Also, new set of 
anilinium-based ionic liquids and the high throughput 
method, which was used, are reported. Furthermore, 
one of the new anilinium ionic liquid was 
successfully electropolymerised.
 P O L Y A N I L I N E S
C H A P T E R  3
E L E C T R O C H E M I C A L
 T A I L O R I N G 
o f 
P A N I  M O R P H O L O G Y 
a n d 
T H E  E L E C T R O L E S S 
D E C O R A T I O N 
w i t h 
P R E C I O U S  M E T A L S 
N A N O P A R T I C L E S
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Conducting polymers, such as polyaniline (PANi), are researched intensively due to their unique chemical and physical properties, such as wide range of conductivity, facile processability, flexibility 
and low cost [1]. As a result, they have been utilised in many applications such 
as photovoltaics, gas sensing and anti-corrosive coatings [2-4] and they have 
been extensively investigated to replace traditional electrode materials, such 
as metals and metal oxides, in energy storage/conversion devices [4]. PANi can 
be easily produced via chemical or electrochemical oxidative polymerisation 
[1, 5]. Producing PANi nanostructures and controlling its morphology have 
been studied due to their improved properties over their bulk counterparts 
[6, 7]. Generally, nano-structured CPs exhibit higher electrical conductivity, 
larger surface area, shorter path length for ion transport and improved 
electrochemical activity [8] and hence they are promising materials in the 
energy storage/generation field [9, 10]. Controlling PANi’s morphology can be 
achieved through many different methods ranging from template-based to 
template free methods [3, 11, 12].
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Incorporation of various metal nanoparticles, such as Pt [13-18], Au [19-22], Ag [23, 
24] and Cu [25, 26], into PANi has also received much attention  [27]. In particular, the 
synthesis of Pt nanoparticles/PANi composites are of interest as Pt exhibits excellent 
catalytic properties in addition to PANi’s high conductivity [28]. Such a composite 
has displayed an excellent performance in oxidising small organic molecules [14, 
18, 29, 30]. The advantage of dispersing the metal nanoparticles into a CP matrix is 
the prevention of the agglomeration of the nanoparticles into large clusters. This 
results in a larger specific area for catalytic reaction to occur as well as maintaining 
the electrical connectivity with the electrode [20]. As expected, the nanoparticles 
arrangement exhibits an enhanced electrocatalytic activity compared to the bulk 
metal [31, 32]. The PANI/Pt composite has been utilised in various electrocatalytic 
oxidations, such as hydrazine [27], methanol [14, 29], formic acid [14, 33], hydrogen 
[15], in addition to oxygen reduction [34, 35].
The aim of this work is to develop a facile and quick approach to control the 
morphology of thick PANi films without the use of templates. PANi was therefore 
polymerised electrochemically via a two-step constant potential method. The 
method involved applying a high potential to initiate the nucleation step, then 
stepping the polymerisation potential to a lower (or lower series) of potential(s) for 
the polymer growth step. This allowed for successful control over the morphology 
of the polymer and yielded distinctive structures that are unique to each potential 
step. Furthermore, the resultant film was tested electrochemically for its viability 
as an electrode material for energy storage devices. An extra step was under taken 
to deposit gold and platinum nanoparticles via electroless deposition onto the 
PANi film for potential electrochemical catalysis applications. This work reports 
methods to tailor the morphology of high capacity PANi films and the effect of the 
polymerisation potential on the morphology of the produced polymer as well as the 
role of PANi in the electroless deposition of metal nanoparticles. The electrocatalytic 
behaviour of the composite is investigated via the oxidation of hydrazine, as a 
potential fuel source for environmentally friendly zero emission fuel cells [36, 37], 
according to equation 1.
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N 2 H 4  ➙  N 2  +  4 H +  +  4 e ¯    . . . ( 1 )
E X P E R I M E N T A L
M A T E R I A L S
Aniline, chloroauric acid (HAuCl4), and chloroplatinic acid (H2PtCl6) were purchased 
from sigma Aldrich. Ethanol and perchloric acid (HAuCl4, 70%) were purchased 
from Merck Millipore (EMSURE ACS). 18.2 MΩ cm Milli-Q water was also used. 1 
cm2 Indium tin oxide glass electrode (ITO, Delta technologies LTD) was used as the 
working electrode and platinum wire was used as the counter electrode. Both were 
cleaned via ultrasonication in ethanol for 10 min and subsequently rinsed with 
ethanol and acetone. Ag|AgCl (3 M KCl Aqueous) was used as a reference electrode 
in all experiments unless otherwise stated. Electropolymerisation of polyaniline 
was conducted with a CH Instruments Bipotentiostat (700E) using different 
polymerisation conditions.
A N I L I N I U M  P E R C H L O R A T E  S Y N T H E S I S
The protic aniline salt (i.e. anilinium perchlorate) was synthesised according to 
previous methods reported by Snook et al.[5] and Abdelhamid et al. (next chapter)
[38].  Briefly, an equimolar amount of perchloric acid (in 2:3 v/v water:ethanol) was 
added drop wisely to a round bottom flask containing aniline (in ethanol) under 
constant stirring and controlled temperature under 0˚ C to prevent the oxidation of 
the amine group. After the reaction was complete, a suspension of beige coloured 
powder was obtained. The product was filtered under vacuum and subsequently 
washed by cold water and cold ethanol in order to remove any excess or unreacted 
chemicals. The filtered product was then dried in a vacuum oven for overnight to 
obtain a dry needle-like powder.
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F A B R I C A T I O N  O F  P O L Y M E R 
E L E C T R O D E S  A N D  M E T A L 
N A N O P A R T I C L E S  D E C O R A T I O N
The polymerisation methods involved immersing a freshly cleaned ITO electrode 
into 1 M aqueous anilinium perchlorate where a constant potential applied 
accordingly; (a) 0.75 V for 30 minutes (1.57 C cm−2) “film 1”, (b) 0.75 V for 5 minutes then 
switched to 0.60 V for 25 minutes (1.63 C cm−2) “film 2”, (c) 0.75 V for 5 minutes then 
switched to 0.50 V for 25 minutes (1.14 C cm−2) “film 3”, and (d) 0.75 V for 5 minutes 
then switched to 0.60 V for 15 minutes followed by 0.50 V for 10 minutes (1.39 C cm−2) 
“film 4”. The deposited films were rinsed in water to remove unreacted monomer 
and oligomers.
The deposited film was decorated with gold-platinum nanoparticles via electroless 
deposition. The PANi film was immersed in an equimolar solution of 10 mM HAuCl4 
and H2PtCl6 in 1 M aqueous perchloric acid for 30 seconds. This caused the PANi 
film to turn dark green. The film was then rinsed with water three times to stop 
metal deposition and remove excess acids.
E L E C T R O C H E M I C A L 
C H A R A C T E R I S A T I O N
The electrochemical characterisation of PANi films was performed via cyclic 
voltammetry (CV) and charge/discharge techniques in a standard three-electrode 
cell containing 1 M perchloric acid. For cyclic voltammetry, the scan rate was 20 
mV s−1. While in charge/discharge tests, the cells were charged and discharged 
galvanostatically at current densities of 1.5, 1.0, and 0.5 mA cm−2 to a cell voltage of 
0.9 V (for charging), and 0.05 V (for discharging). The electrochemical impedance 
spectroscopy measurements (EIS) were conducted using FRA software from AutoLab 
using AutoLab potentiostat in the range of 10 mHz to 10 kHz at two potentials (-0.10 
V and 0.25 V) in addition to a single frequency measurement while swiping the 
potential from -0.15 V to 1.00V. 
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R E S U L T S  A N D  D I S C U S S I O N S
The different electrochemical polymerisation conditions resulted in interesting 
variation in the morphology of the PANi films (figure 1). When the polymerisation 
was conducted at a single potential (i.e. 0.75 V), thin intricate and closely packed 
PANi fibres were produced with an average fibre diameter of about 0.3 μm (figure 
1bi). On the other hand, when the polymerisation was carried out by initiating 
the process at 0.75 V and then stepping the potential to a lower value (i.e. 0.60 V), 
the PANi fibres were still intricate but thicker and loosely packed with an average 
diameter of 1 μm (figure 1bii). Moreover, when the potential was switched to a 
much lower potential of 0.50 V (where the corresponding polymerisation current 
is more than 3 times lower than the initial polymerisation step), the PANi film 
morphology changed dramatically from a well-defined fibrous structure into 
an amorphous and more dense structure, in particular for the surface of the film 
(figure 1biii). However, when the electropolymerisation process was conducted at 
three consecutive switching potentials (i.e. 0.75 V (5 min)➙ 0.60 V (15 min)➙ 0.50 V 
(10 min)), a neuron-like network structure was produced as a result of combining a 
consecutive potentials, that results in different morphologies. The polymerisation 
process was always initiated at 0.75 V as it was found to be the minimal potential 
required to start the nucleation step and provide enough nucleation site to produce a 
high quality PANi mat. However, by starting the polymerisation at lower potentials, 
such as 0.50 V, low quality PANi fibres were produced. This is due to a significantly 
lower number of nucleation sites created at this low potential.
Figure 2 shows the cyclic voltammograms (CVs) and the oxidation and reduction 
potentials of the four different PANi electrodes in 1 M perchloric acid at 20 mV 
s−1. The three characteristic oxidation peaks are present in all PANi electrodes, 
where the first and third peaks correspond to the emeraldine and pernigraniline 
oxidation states of PANi while the second “middle” peak is attributed to the self-
cross linkage between PANi chains during the potential cycling [39]. By comparing 
the second oxidation peak and the overall current densities of the PANi electrodes, 
one can deduce the relative intensity of the packing “density” of the PANi film 
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F I G U R E  1 .  a) Diagram plotted over a single linear sweep voltammogram showing the different 
methods and steps of the electrochemical polymerisation and the corresponding polymerisation current 
at each potential step. b) SEM micrographs showing the morphology of PANi as a result of applying 
different polymerisation approaches; (i) constant potential at 0.75 V for 30 minutes, (ii) 0.75 V for 5 
minutes then switched to 0.60 V for 25 minutes, (iii) 0.75 V for 5 minutes then switched to 0.50 V for 
25 minutes, and 0.75 V for 5 minutes then switched to 0.60 V for 15 minutes followed by 0.50 V for 10 
minutes.
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and the exposed “active” surface area that contribute to the redox activity of the 
film. For example, the current density of film 2 (figure 2b) is the largest and the 
second oxidation peak is not as prominent as in the other three films. This could 
be interpreted as this particular PANi film being less packed and less cross-linked, 
hence exhibiting higher active surface area, which is confirmed by the SEM image 
(figure 1bii). The current density passed through film 3 (figure 2c) is the lowest and 
the second peak is more prominent in relation to the other two oxidation peaks 
which could be attributed to the higher degree of cross-linking and hence lower 
F I G U R E  2 .  Cyclic 
voltammograms recorded at 20 
mV s-1 in 1 M perchloric acid 
of PANi films deposited via 
different approaches; (a) 0.75 V 
for 30 minutes, (b) 0.75 V for 5 
minutes then switched to 0.60 
V for 25 minutes, (c) 0.75 V for 
5 minutes then switched to 0.50 
V for 25 minutes, and (d) 0.75 V 
for 5 minutes then switched to 
0.60 V for 15 minutes followed 
by 0.50 V for 10 minutes.
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surface area due to the dense packing of the polymer fibres (figure 1biii).
EIS measurements were undertaken to illustrate the electrochemical behaviour of 
the resultant PANi film 2 at different potentials in its undoped (-0.1 V) and doped 
(0.25 V) states, at a single frequency of 0.1 Hz (figure 3a, b). The ionic resistance of the 
film was measured to be 29.3 ± 1.1 Ω and 3.5 ± 0.1 Ω at -0.1 V and 0.25 V, respectively, 
by fitting the data to an equivalent circuit model (figure 4). This equivalent circuit 
model consists of five elements as using a three elements model did not result in a 
good and close fit. The elements are a resistance (R1) and two sub-circuits connected 
in series. The R1 represents the resistance of the solution as well as the electronic 
resistance of the polymer combined. The first sub-circuit represents the compact-
inner “mat” region of the PANi film and is composed of a constant phase element 
(CPE1) connected in parallel to a resistance (R2). Here, CPE1 and R2 are attributed to 
the distributed capacitance and the ionic resistance, respectively, as a result of cation 
migration through the compact PANi inner mat (figure 4, left arrow on the SEM 
micrograph) [40, 41]. The second sub-circuit is attributed to the porous PANi outer 
fibres (figure 4, right arrow on the SEM micrograph) where the polymer/solution 
interface exists. This sub-circuit, also, consists of a second constant phase element 
(CPE2) and a Warburg element (Wo1). Here, the CPE2 corresponds to the distributed 
capacitance of the interface/double layer of PANi and the electrolyte solution, while 
Wo1 represents the ionic diffusion of the ions into the bulk of the polymer [42, 43]. 
The capacitance of the film was surveyed by measuring the impedance of the film 
at a range of frequencies (i.e. 1 mHz to 1 MHz) while sweeping the potential from 
-0.15 V to 1 V at 20 mV s-1 (figure 3c). The EIS survey demonstrates the contrast in 
capacitance exhibited by the PANi film when it is doped and undoped. While the 
capacitance at -0.1 V was about 6.5 mF, the film exhibited a higher capacitance of 
about 330.5 mF at 0.25 V. Comparable results were obtained from the data fitting 
of the low frequency domain of the Nyquist plots where the capacitance (CPE1 and 
CPE2) of the PANi film at -0.1 V was 7.1 ± 0.2 m F compared to 331.4 ± 7.2 mF at 0.25 V.
Figure 5 shows the charge/discharge curves of film 2 which was chosen as it has 
the highest active area as determined by the CV data in Figure 2. The behaviour 
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F I G U R E  3 .  Nyquist plots of 
PANi at; (a) -0.1 V “un-doped”, and 
(b) 0.25 V “doped” at 0.1 Hz and the 
fitting data that resulted from the 
equivalent circuit. (c) capacitance vs 
potential survey of PANi film at 20 mV 
s-1 from 1 mHz to 1 MHz showing the 
effective capacitive region of the film.
F I G U R E  4 .  The equivalent circuit model 
of the PANi film drawn over an illustration 
of the two structural regions of PANi films. 
As well as the corresponding SEM images of 
PANi regions namely; the dense mat “inner” 
region and porous fibrous “outer” region.
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of the increase and decrease of the charging potential and discharging potential, 
respectively, is characteristic of materials used as electrodes in rechargeable 
batteries. Furthermore, the faradaic processes are evident and manifested as sharp 
increases and kinks in the potential data due to the oxidation/reduction of PANi. This 
proves that a polyaniline film could in principle be used as an electrode material 
for energy storage devices. A charge (C) capacity of 0.88 mAh cm−2 and discharge 
(DC) capacity of 0.84 mAh cm−2 were obtained at a charging/discharging current 
density of 1 mA cm−2. The capacity of the film is comparable to literature values 
that range from 0.1 mAh cm−2 to 5 mAh cm−2 [44, 45]. Emplying other charging/
discharging rates (1.5 mA cm−2 & 0.5 mA cm−2) gave almost similar capacity values 
(i.e. C1.5 = 0.86 mAh cm
−2, DC1.5 = 0.78 mAh cm
−2 & C0.5 = 0.92 mAh cm
−2, CD0.5 = 0.85 
F I G U R E  5 .  Charge/
discharge curves showing the 
periodic change in voltage and 
capacity as a result of applying; 
(a) 1.5 mA cm−2, (b) 1 mA cm−2, 
and (c) 0.5 mA cm−2 while 
charging and discharging.
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mAh cm−2). This might be due to the resultant PANi film exhibiting less self-cross-
linking and low packing, resulting in a relatively high electrochemically accessible 
surface area and shorter path length for ion transportation leading to an increase 
in the number of electrochemically active sites [3]. The connotation of this work is 
that electrochemically tailored PANi could be utilised as an electrode material for 
flexible energy storage devices.
The process of electroless decoration of the PANi with gold and platinum 
nanoparticles was successful. Figures 6a shows evenly distributed metal 
nanoparticles, as white tiny dots, that cover the thin underlying PANi film as well 
as the thick PANi fibres (figure 6b). Here, the PANi film acts as an inducing substrate 
for the metal to deposit. The metal undergoes reduction from its cationic form, in 
chloroauric acid and chloroplatinic acid, into Au0 and Pt0 atoms, while the PANi 
undergoes further oxidation to the pernigraniline form as evidenced by a significant 
colour change in the film to a dark blue-green colour. This could be confirmed by 
looking at figure 6e, where the dark patches are thin PANi film, the light patches 
are the surface of ITO electrode and the bright white dots are metal nanoparticles. 
There is a complete absence of any nanoparticles on the ITO patches (light areas), 
and the SEM image clearly indicates that the deposition of the nanoparticles occurs 
exclusively on the PANi film and not the ITO surface. The average diameter of the 
metal nanoparticles was measured to be ranging from 15 nm (TEM, figure 7) to 200 
nm (SEM, figure 6) however, occasionally, clusters of nanoparticles were formed 
(figure 6d, f) with diameters ranging from 1 μm to 3.5 μm. TEM images confirm 
the deposition of  bimetallic nanoparticles on PANi’s surface with even smaller 
sizes (figure 7a). However, in the bimetallic particles, the gold concentration is 
significantly higher than for platinum as shown by the EDS measurements (figure 
7c). In order to further verify the deposition of both gold and platinum on the polymer 
surface, XPS measurements were conducted (figure 8). The XPS spectra confirmed 
the presence of both metals as both peak regions attributed to the 4f orbitals were 
detected at 84.1 eV (gold) and 72.7 eV (platinum) with well separated asymmetric 
spin-orbital components by 3.7 eV (for gold) and 3.4 eV (for platinum). The XPS data 
is in agreement with EDS as the amount of platinum detected is also low compared 
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F I G U R E  6 . SEM micrographs showing; (a, b, and c) almost evenly distributed gold and platinum 
nanoparticles on PANi as a result of the electroless deposition from their acid precursors, (d, and f) micro-
cluster formation on PANi fibres and mat regions respectively, and (e) the exclusive deposition of the 
nanoparticles on PANi (dark patches) and the absence of nanoparticles from ITO regions (light patches)
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F I G U R E  7 .  TEM micrographs 
showing; a) high magnification of 
gold/platinum nanoparticles on 
PANi with about 15 nm diameter and 
smaller nanoparticles (slightly lighter 
dots) incorporated in the polymer. b) 
low magnification of the composite 
showing the three sites where EDS 
measurements were taken (c).
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to gold.  The potential at which gold is reduced from [AuCl4]¯ to metallic gold is 
around 1.00 V (vs RHE) [46, 47] which is higher than platinum’s reduction potential 
from [PtCl6]²¯ (i.e. 0.73 to 0.76 V vs RHE) [48]. This difference in reduction potential 
indicates the deposition of gold is thermodynamically more favourable than that for 
Pt by ca. 0.27 V which explains the higher gold coverage of PANi from an equimolar 
solution of [AuCl4]¯and [PtCl6]² .¯ Another consideration is the pathway each metal 
deposition process takes during the process. In the case of gold, the reduction of 
the metal salt occurs via one step (3-electrons) reaction (equation 2) [46, 47], while 
for the platinum salt it is reduced via a more sluggish pathway of two 2-electron 
reduction steps (4-electrons) reaction (equations 3, and 4) [48].
[ A u C l 4 ] ¯ + 3 e ¯ ➙ A u ( s ) + 4 C l ¯   ( + 1 . 0 0 2  V )  … ( 2 )
[ P t C l 6 ] ² ¯ + 2 e ¯ ➙ [ P t C l 4 ] ² ¯ + 2 C l ¯  ( + 0 . 7 2 6  V )  … ( 3 )
[ P t C l 4 ] ² ¯ + 2 e ¯ ➙ P t ( s ) + 4 C l ¯   ( + 0 . 7 5 8  V )  … ( 4 )
F I G U R E  8 .  The deconvoluted 
XPS spectra for 4f7/2 and 4f5/2 peaks 
for a) gold, and b) platinum confirming 
the deposition of both elements during 
the electroless deposition on PANi.
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The electrocatalytic activity of the PANi/Au-Pt composite towards hydrazine 
oxidation was evaluated via cyclic voltammetry. First, the cyclic voltammetry 
experiment was performed on PANi/Au-Pt in 1 M H2SO4 and in the absence of 
hydrazine (figure 9a) which didn’t show any oxidation current corresponding to the 
oxidation process of hydrazine. However, when 0.1 M hydrazine was introduced, a 
change in the cyclic voltammogram was observed with an increase in the oxidation 
current at ~0.88 V (figure 9b). This behaviour is associated with the oxidation of 
hydrazine on PANi/Pt composites as reported by O’Mullane et al. [27].
F I G U R E  9 .  Cyclic voltammograms 
at 20 mV s−1 of PANi/Au-Pt composite a) in 1 M 
H2SO4, and b) 0.1M hydrazine in 1 M H2SO4.
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F I G U R E  1 0 .  Cyclic 
voltammograms at 20 mV s−1 of a) 
PANi/Pt composite, and b) PANi/
Au in 0.1M hydrazine in 1 M H2SO4
In order to determine if the gold nanoparticles were involved in such electrochemical 
behaviour, separate PANi/Au and PANi/Pt composites were prepared via the same 
method and were examined in presence of hydrazine. The PANi/Pt composite 
exhibited the same behaviour as PANi/Au-Pt (figure 10a) while PANi/Au was inert 
towards the oxidation of hydrazine as shown in figure 10b. One could conclude that 
neither PANi nor gold nanoparticles contributed to the hydrazine oxidation process 
which occurred on the PANi/Au-Pt composite. Nonetheless, both PANi/Au-Pt and 
PANi/Pt, but not PANi/Au, composites exhibited an increase in the cathodic current 
in the presence and absence of hydrazine which is attributed to the hydrogen 
evolution reaction. This indicates that the Pt nanoparticles created via this approach 
are effective electrocatalysts.
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C O N C L U S I O N S
Solid polyaniline films were electrochemically prepared and morphologically 
tailored. The method involved applying and switching to a series of consecutive 
constant potentials to electrochemically oxidise aniline into PANi. The morphology 
varied dramatically when different potentials and approaches were used. When 
a single potential was used, a film comprised of dense fibres was obtained, while 
switching between two or three consecutive potentials produced a wide range of 
morphologies (e.g. loosely packed fibres to an amorphous dense structure, and 
neuron-like fibres). It appears that the lower the potential used in the growth 
step, the denser and more amorphous the PANi film became. One particular film 
was chosen (i.e. film 2 deposited to 1.63 C cm−2 ) to be tested electrochemically as it 
exhibited the most interesting morphology and relatively higher surface area than 
the other films (according to cyclic voltametric data). The electrochemical properties 
of the film was measured via CV, EIS and charging/discharging techniques in order 
to assess the feasibility of the produced films to be used in electrochemical energy 
storage devices. The EIS data highlighted the effective potential window where the 
polymer exhibits its highest capacitance and lowest ionic resistance to be between 
about 0.05 V and 0.70 V. Also, an equivalent circuit model was developed to obtain 
accurate insight of how the PANi film behaved. The charging/discharging curves 
demonstrated that the average capacity of the polymer is 88.6 mAh cm−2  at 1 C rate 
(i.e. 1 mA cm−2 ), which makes the developed PANi suitable as an electrode material 
for flexible batteries and supercapacitors. 
Furthermore, the spontaneous electroless deposition of evenly distributed gold 
and platinum nanoparticles on PANi was successful where SEM, TEM and XPS 
confirmed the deposition of both elements exclusively on PANi. The deposition 
happened via the reduction of the metal ions onto the PANi surface into neutral 
atoms and the consequent oxidation of PANi. The PANi/Au-Pt composite film 
exhibited good electrocatalytic activity towards the oxidation of hydrazine where 
Pt contributed to this electrochemical process and the PANi provided the electrical 
connectivity and scaffolding for the nanoparticles. Also, the hydrogen evolution 
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reaction occurred on the composite which is also attributed to the presence of Pt. 
However, gold nanoparticles didn’t show any of these catalytic activities when 
examined on its own. 
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The polymerisation of aniline into PANi can be achieved via chemical or electrochemical oxidative polymerisation [1-3]. The resulting conductive polymer films can be applied as supercapacitors, actuators or as photovoltaic 
devices [1, 4]. However a significant consideration to achieve both high quality films 
and high polymerisation yields is the provision of an excess of protons within 
the polymerisation medium [2, 5]. The electropolymerisation of aniline in some 
ionic liquids (ILs) results in polyaniline (PANi) films with unique properties. This 
is because PANi grows in ILs in a different way than in molecular and organic 
solvents [6]. A broad range of ionic liquids (ILs) have been used in many applications 
in electrochemistry and are attractive because they can serve as solvents as well as 
electrolytes [7, 8]. ILs have been utilised as polymerisation media for polyaniline in 
many ways such as in mixtures of ILs with molecular solvents or acids [9-11].  
The search for the optimal IL for a specific application, such as the 
electropolymerisation of aniline, can be difficult and time consuming, as ILs are 
composed of cations and anions, of which there are a vast number of potential 
combinations. Furthermore, the incorporation of molecular or organic solvents 
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increases the sample size dramatically due to the vast number of possible solvents 
and concentration ratios. However, high-throughput (HT) techniques, which have 
become widely acceptable for the rapid study and identification of new drugs and 
materials, can be applied [12-14]. The technique involves cross screening and analysis 
of a large variety of starting materials ultimately leading to the identification of 
promising combinations [15]. Such, HT techniques would therefore in principle be 
useful in IL synthesis as it would allow for the rapid screening and identification of 
potential ILs that are suitable for specific applications.
A particularly interesting subset of ILs, called protic ionic liquids (PILs) have the 
potential to be highly effective for the electropolymerisation of polymers that 
require the presence of protons. They are produced via proton transfer from a 
Brønsted acid to a Brønsted base [16, 17]. They are cheaper and easier to synthesise 
than aprotic ILs as they require only simple equimolar acid-base reactions [18]. 
This, along with their generally lower viscosity compared with aprotic ionic liquids 
[16], makes them highly suitable for the high-throughput synthesis technique 
as demonstrated by Greaves et al.[16]. In addition, aniline and its derivatives are 
suitable candidates for a cationic precursor for PILs as they can act like Brønsted 
bases as shown by recent attempts [19]. 
In this chapter, a stoichiometric ratio of various combinations of aniline and aniline 
derivatives (i.e. as bases) with various acids were cross screened in a high throughput 
manner to short list the most promising anilinium-based protic ionic liquids (PILs), 
which were then further characterised. A few PILs were identified and the optimum 
combination of N-ethylanilinium and TFA was chosen for full scale synthesis and 
characterisation. The new PIL was synthesised via a previous method used by 
Snook et al.[4]. The benefit of synthesising such PILs is to utilise them for the direct 
production of conducting polyaniline derivatives without the addition of further 
solvents or proton donors, such as acids [2]. They are a self-contained polymerisation 
system as they act as a polymerisation medium “solvent and electrolyte”, and pre-
protonated monomer at the same time, which can in principle be polymerised 
into the polyaniline derivative. This method is a greener approach to polymerise 
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anilines as it reduces waste by eliminating the need to use other solvents, and 
removes the acid protonation step required during conventional polymerisation of 
aniline. Furthermore, thick films of poly(n-ethylaniline) were electropolymerised 
from an n-ethylanilinium trifluoroacetate PIL where the morphology of the films 
could be easily controlled via applying different electropolymerisation methods. 
This highly novel approach results in new morphologies of conducting polymers 
offering advanced properties of these materials. 
E X P E R I M E N T A L  S E C T I O N
M A T E R I A L S
N-ethylaniline, n-methylaniline, 2-ethyl-6-methylaniline, 2,5-dimethylaniline, 
2,6-dimethylaniline,  3,5-dimethylaniline, 2-ethylaniline, 3-ethylaniline (Sigma 
Aldrich), trifluoroacetic acid (Sigma Aldrich, TFA), hydrochloric acid (Merck 
Millipore, 65% HNO3), formic acid (Sigma-Aldrich), nitric acid (Merck Millipore, 
37% HCl), sulphuric acid (Ajax Finechem Pty Ltd., 98% H2SO4) and methanesulfonic 
acid(Sigma-Aldrich, 99.5% CH3SO3H) were used as received. In addition, pentane, 
absolute ethanol (Merck Millipore, EMSURE ACS), diethyl ether (Sigma-Aldrich) 
and 18.2 MΩ cm Milli-Q water were also utilised.
S Y N T H E S I S  M E T H O D S
In order to screen the various acids against the aniline derivatives, two high-
throughput methods were used. The first method is the simplest as a predetermined 
volume of the derivatives were loaded manually into Eppendorf tubes followed by 
the addition of the acids to start the reaction. This method is a quick and simple way 
to get preliminary screen data suitable for a large number of reactants.
The second method is an automated process where the loading of samples and 
the reactions are controlled by a robotic platform. This method is more accurate 
than the Eppendorf method as the reaction conditions, such as temperature and 
reaction time, are easily controlled and stoichiometric proportions are used of the 
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acids and bases. Following the two screening techniques, one promising acid-base 
combination was chosen to be synthesised on a larger scale.
E P P E N D O R F  T U B E  H I G H -
T H R O U G H P U T  S C R E E N
In this method, a few drops of aniline and its derivatives were loaded into seven 
separate Eppendorf tubes. Subsequently, an approximately equimolar amount of 
acid was added drop-wise to each derivative while stirring (Table 1). 
C H E M S P E E D  R O B O T I C 
S Y N T H E S I S  P L A T F O R M
The Chemspeed robotic synthesis platform contained an ISYNTH reactor block 
equipped with an array of 24 vials of 20 mL volume. The IL synthesis protocol was 
designed to mimic the conventional synthesis of protic ionic liquids where ethanol 
was added to aniline and its derivatives solutions in order to ensure a liquid state 
during addition of the acid. The concentrations of the aniline (derivatives) in ethanol 
stock solutions were 1.0 M as well as for the acids stock solutions.
 The robotic platform dispenses liquids by means of an articulated 4-needle 
tool connected to four individual syringe pumps. This allows simultaneous 
aspiration/dispensing of aniline (derivatives) or acids to/from four adjacent reactor 
vials. Each syringe pump can operate individually to deliver different volumes, and 
at different rates to the other syringes. In this particular application, the platform 
was fitted with four 10 mL syringe pumps, and four stainless steel needles (ID = 0.8 
mm). The synthesis was conducted in two sequential batches of 24 PIL mixtures. 
The basic experimental steps programmed into the Chemspeed workflow for each 
batch are described below. 
I. Reagent bases (aniline derivatives + ethanol) and acids were loaded into 60 
mL reservoir vials and fitted with purge septa.
II. ISYNTH reactors were configured to be open under inert atmosphere (to 
prevent condensation) and cooled to a target temperature of -10˚ C. 
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III. Each of the six aniline derivative + ethanol mixtures were sequentially 
dispensed to four ISYNTH reactor vials such that all 24 reactor vials contain 
the aniline derivative. They were aspirated at 5 mL min-1 and dispensed at 
20 mL min-1. 
IV. Agitation/shaking of reactors was turned on (400 RPM). 
V. Each of the four acids were then added drop-wise to four ISYNTH reactors 
such that all 24 reactor vials contained acid + base. Acids were aspirated at 
10 mL min-1 and dispensed at 0.1 mL min-1 to achieve drop-wise addition 
over an extended period of time. 
VI. The reactors were agitated for an additional hour following the final acid 
addition. Due to the drop-wise addition of acid, all reactions had sufficient 
time to react between 2 and 6 hours.
VII. ISYNTH reactors were configured to be closed. Vacuum pressure in the 
reactors was stepped down gradually to a target pressure of 1 mbar on the 
attached vacuum pump. At the same time the temperature was set to 38˚ C 
(43˚ C on attached cryostat).
VIII. Vacuum, heat, and agitation were continued overnight, although a 
review of the log data indicates that minimal pressure was obtained within 
2 hours of starting step 7.
IX. Pressure and temperature were returned to ambient conditions before the 
24 reactor vials were removed, capped and taken away for analysis.
X. Steps 1–9 were repeated for batch 2, which used the same three remaining 
bases, and the four acids.
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S Y N T H E S I S  O F  N - E T H Y L A N I L I N I U M 
T R I F L U O R O A C E T A T E
A larger quantity of n-ethylanilinium TFA was prepared by reacting equimolar 
amounts of n-ethylaniline and trifluoroacetic acid (TFA). 0.1 mole of n-ethylaniline 
was added into a round-bottom flask with 5 mL of absolute ethanol. Connected to 
the round-bottom flask was a titration column loaded with 0.1 mole of TFA, 3 mL 
of absolute ethanol and 2 mL of milli-Q water. The acid mixture was added drop-
wise to the n-ethylaniline solution under stirring and controlled temperature 
under -10˚ C in order to prevent the oxidation of the amine in to an amide. After the 
reaction was finished, a yellow-orange viscous liquid was yielded in the flask. The 
product was dried under dynamic vacuum at 35˚ C for 2 hours and then kept under 
static vacuum overnight at room temperature.
The dried product was a yellow to brown slushy solid with a melting point of 
approximately 42˚ C. The solid was purified through dissolving it in pentane and 
then adding ethyl ether to crash out the product as a white solid. The white solid 
was collected and dried via the rotary evaporator at 35˚ C for an hour. The water 
content of the dried solid was measured to be 15 ppm. To obtain a liquid IL solution 
at room temperature, 150 μL of milli-Q water was added to 1 g of the dried white 
solid and the mixture was heated to about 50˚ C with a heat gun. This resulted in 
a light yellow-orange viscous liquid at room temperature with a measured water 
content of 162 ppm.
C H A R A C T E R I S A T I O N
All the acid-base mixtures produced by the Chemspeed robotic platform and the 
individually synthesised n-ethylanilinium TFA were characterised by 1H NMR and 
13C NMR using Bruker BioSpin Av400X NMR Spectrometers in order to confirm 
the proton transfer from the acid to the base and the structure of the products. 
Furthermore, conductivity measurement of the ILs was undertaken by SevenMulti 
dual pH and conductivity meter (Mettler Toledo), as well as density and viscosity 
were measured by Anton Paar density meter with External Measuring Cell and 
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Anton Paar Rolling-ball viscometer Lovis 2000 in combination with A&D SV-1A 
tuning fork vibro viscometers respectively.
E L E C T R O P O L Y M E R I S A T I O N
1 cm2 Indium tin oxide glass electrode (ITO, Delta technologies LTD) was used as 
the working electrode and platinum mesh was used as the counter electrode. Both 
were cleaned by ultrasonication in ethanol for 10 min and then subsequently rinsed 
with ethanol and acetone. Ag|AgCl (3 M KCl Aqueous) was used as the reference 
electrode in all experiments unless otherwise stated. Electropolymerisation of poly 
(n-ethylaniline) polymerisation was conducted with a CH Instruments Bipotentiostat 
(700E) using different protocols. The first method involves immersing a freshly 
cleaned ITO electrode into a pure n-ethylanilinium trifluoroacetate ionic liquid 
where the potential was cycled between -0.1 V to 0.7 V vs. Ag|Ag+ for 50 cycles at 
20 mV s−1. The second method is the same as the previous method but replacing the 
pure PIL with a 75% (v/v) PIL/water mixture, and cycling vs. an Ag|AgCl reference 
electrode. In the third method of electropolymerisation, the potential was biased at 
0.7 V vs. Ag|AgCl for 15 minutes in the 75% PIL/water mixture. The monomers as well 
as oligomers were removed by washing the deposited film in water several times. 
The poly (n-ethylaniline) films were then cycled in 0.1 M TFA aqueous solution for 
10 cycles at 20 mV s−1
R E S U L T S
Figure 1, shows n-ethylaniline and its products after the addition of different acids. 
Four possible outcomes were considered: 1) a solid forms, 2) non-ionic liquid forms 
(no proton transfer), 3) spontaneous polymerisation occurs (dark solid) or 4) the 
desired outcome of a protic ionic liquid forms. The combinations that resulted in 
potential ILs were then synthesised using the Chemspeed robotic platform in a 
high-throughput manner, hence formic acid and hydrochloric acid were omitted. 
The visual appearance of n-ethylaniline-acids combinations can be clearly 
observed in Figure 1 where the addition of formic acid yielded a dark runny liquid 
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that is not a potential IL. On the other hand, hydrochloric acid produced a solid 
product when reacted with n-ethylaniline. However, sulphuric, trifluoroacetic, 
and methanesulfonic acids produced relatively viscous liquid products that are 
potentially ILs. The nitric acid yielded a viscous liquid as well, however, the product 
was oxidised by the strong acid into a dark black liquid.
F I G U R E  1 .  Visual appearance of pure n-ethylaniline and its products as a result of 
the addition of various acids using the simple Eppendorf tubes high-throughput screen.
The series of 54 aniline derivative–acid combinations that were prepared using the 
simple Eppendorf tubes high-throughput method, and the 36 samples prepared 
using the Chemspeed robotic platform were classified according to their visual 
appearance (i.e. solid or liquid). The results of the reactions carried out by both 
high-throughput methods are shown in Table 1 according to the visual classification 
scheme. Some results were different from the simple high-throughput method 
due to the high accuracy and precise control of the reaction conditions (i.e. greater 
control over the stoichiometry, and due to maintaining a low temperature during 
the reaction) by the Chemspeed robotic platform.
However the Chemspeed HT method identified five possible PILs, we chose 
n-ethylanilinium TFA for the full scale synthesis as it was the least viscous and 
easiest to handle. The formation of n-ethylanilinium TFA PIL was confirmed by the 
1H NMR spectra as it shows the proton transfer from the carboxylic group of TFA 
to the n-ethylaniline’s nitrogen atom.  Figure 2 shows the absence of the only peak 
for TFA usually observed at 11.5 ppm[20] and the appearance of an extra peak at 7.3 
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ppm (i.e. n-ethylaniline region). This peak shift is attributed to the proton transfer 
between the acid and the n-ethylaniline forming a protic ionic liquid.
F I G U R E  2 .  1H NMR spectra of n-ethylanilinium TFA
Furthermore, 13C NMR measurements were carried out to confirm the structure 
of n-ethylaniline and the presence of the TFA in the PIL (Figure 3). The multiplet 
peak at ~120 ppm is associated with carbon atoms surrounded by three fluorine 
atoms (-CF3), and the peak at ~160 ppm corresponds to a (-COO-) group which are 
consistent with the formation of a PIL. Furthermore, the structure of n-ethylaniline 
did not alter upon reaction with TFA as concluded from its characteristic peaks. The 
combined 1H NMR and 13C NMR data indicate that the reaction of n-ethylaniline 
with TFA took place via proton transfer only, thus forming an ionic compound.
1H NMR and 13C NMR were also used to determine which of the acid-base compounds 
produced via the Chemspeed robotic platform were ionic liquids (figures 4, and 5). 
The NMR spectra show that n-methylaniline yielded ionic liquids with two acids 
only (i.e. sulphuric acid and trifluoroacetic acid). While n-ethylaniline produced 
three ionic liquids with three acid combinations (i.e. sulphuric acid, trifluoroacetic 
acid and methanesulfonic acid).
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F I G U R E  3 . 
13C NMR spectra of 
n-ethylanilinium 
TFA
F I G U R E  4 .  (a, and b) 1H NMR and 13C NMR spectra of n-methylanilinium TFA, 
and (c, and d) 1H NMR and 13C NMR spectra of n-methylanilinium sulphate
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F I G U R E  5 .  (a, and b) 1H NMR and 13C NMR spectra of n-ethylanilinium sulphate, 
and (c, and d) 1H NMR and 13C NMR spectra of n-ethylanilinium methansulfonate.
The conductivity of the n-ethylanilinium TFA PIL was measured to be 5.2 mS cm−1 
at room temperature, compared to 1.0 mS cm−1 for N-methylpyrrolidinium TFA 
and 14.4 mS cm−1 for 2-pyrrolidonium TFA [17, 21, 22], which is consistent with the 
formation of an ionic compound. Density measurements were carried out at various 
temperatures (i.e. 30 to 80˚ C, figure 6). It shows that the n-ethylanilinium TFA PIL is 
approx. 20% denser than water at near room temperature and its density decreases 
as a function of temperature.
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F I G U R E  6 .  Graph showing 
the density of n-ethylanilinium 
TFA as a function of temperature.
The dynamic and kinematic viscosities were measured at the same range of 
temperatures (figure 7) to give values of 24.3 mPa s−1 and 20.5 mm2 s−1 respectively 
which were much greater than water viscosity values near room temperature. The 
melting point for both the solid and the liquid form of n-ethylanilinium TFA were 
measured to be approximately 42 ˚C and 3 ˚C respectively. Density and viscosity 
measurements were also performed on the rest of the compounds (figure 8)
F I G U R E  7 .  Graph 
shows the kinematic and 
dynamic viscosities of 
n-ethylanilinium TFA as a 
function of temperature.
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The first attempt to electropolymerise poly (n-ethylaniline) from its pure ionic 
liquid monomer precursor did not yield any polymer film on the ITO electrode. This 
was due to the ability of the n-ethylanilinium trifluoroacetate PIL to dissolve the 
newly formed polymer from the electrode surface forming a green coloured liquid. 
The fact that the electrolyte consists entirely of the monomer means the oligomers 
formed (green in colour) are quite soluble in this mixture. As a result, a mixture of 
PIL and water with a 3:1 (v/v) ratio was used in order to prevent the dissolution of the 
polymer back into the PIL. This mixture ratio was found to contain the minimum 
amount of water required to inhibit the dissolution process. Figure 10a shows the 
cyclic voltammograms of the electropolymerisation of poly (n-ethylaniline) in the 
PIL/water mixture. There is a clear increase in the oxidation current towards the 
end of the anodic sweep at 0.7 V, which is attributed to the nucleation and growth of 
the polymer. A steady increase in the redox current over the full potential range was 
observed after 10 cycles which indicates continued growth of poly (n-ethylaniline). 
After the polymerisation was completed, a dark green film was observed on the 
electrode.
Constant potential electropolymerisation was also carried out in the PIL/water 
mixture and the current was recorded during the process (figure 10b). The peak-
like increase in current observed after biasing the potential at 0.7 V is attributed 
to the nucleation process. This is followed by a slow decrease in current which is 
an evidence for the continued growth of the polymer onto the electrode surface. 
The charge associated with the films produced via cyclic voltammetry and constant 
potential are calculated to be 2.3 C and 3.1 C respectively.
The poly (n-ethylaniline) coated ITO electrodes were washed in milli-Q water 
only as it is highly soluble in organic solvents and were then transferred into 
0.1 M aqueous trifluoroacetic acid (TFA) solution in order to carry out a cyclic 
voltammetric analysis (figure 10c). TFA was chosen as the supporting electrolyte 
due to poly (n-ethylaniline)’s counter ions being trifluoroacetate anions. The cyclic 
voltammetry is different to that of the deposition where the redox peaks are 
more resolved and the peak separation is lower due to the lower viscosity of the 
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F I G U R E  1 0 .  Deposition of 
poly (n-ethylaniline) from 3:1 (v/v) 
n-ethylanilinium trifluoroacetate PIL 
and water via a) cyclic voltammetry 
at 20 mV s-1 on a 1 cm2 ITO electrode, 
and b) constant potential at 0.7 V 
vs. Ag/AgCl for 1 minutes. c) cyclic 
voltammogram of the 10th cycle of 
poly (n-ethylaniline) in 0.1 M TFA 
aqueous solution at 20 mV s−1.
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TFA aqueous solution when compared to the monomer solution (24.3 mPa s-1) [23]. 
Interestingly, the cyclic voltammograms of the films grown by potential cycling 
and constant potential exhibit almost identical behaviour with different current 
intensity due to the difference in film thicknesses, however they exhibit much 
different morphologies. The cyclic voltammetric electropolymerisation protocol 
resulted in globular porous structures on the electrode (figure 11) with average pore 
size of 3 μm. The globular morphology might result from the rapid intercalation/
decalation of ions within the polymer film during the potential cycling. On the other 
hand, the film produced by the constant potential method exhibited lamellar (leafy) 
structures (figure 12) with composite pores. The porous structure is composed of a 
main pore that contains few smaller pores. The main pores are smaller than the 
globular film with average pore size of 1 μm and average distribution of 4 pores per 
35 μm2. This shows the influence of the polymerisation methods on the morphology 
of the electrodeposited polymers. Furthermore, highly magnified SEM micrographs 
of both films show similar nanomosaics on the surface of the polymer (figures 11e, 
12e, and 12f).
D I S C U S S I O N
The screening process by both the simple Eppendorf tubes and Chemspeed robotic 
synthesis platform, resulted in five acid-base combinations being identified as 
potentially useful PILs namely; n-methylanilinium sulphate, n-methyl-anilinium 
TFA, n-ethylanilinium sulphate, n-ethyl-anilinium TFA, and n-ethylanilinium 
methansulfonate. Both methods served a complementary role for each other, 
where the simple Eppendorf tubes high-throughput enabled very rapid screening 
to narrow down the number of possible acid-base combinations to be tested by the 
Chemspeed robotic synthesis platform. The Chemspeed high-throughput system 
then served as an accurate synthesis method.
The Chemspeed high-throughput method revealed that only two aniline 
derivatives yielded PILs where a hydrocarbon chain is attached to the amine (i.e. 
n-methylaniline and n-ethylaniline). In addition, the longer the hydrocarbon chain 
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F I G U R E  1 1 .  a) SEM micrograph of 
poly (n-ethylaniline), deposited via cyclic 
voltammetry, showing the globular structures. 
(b, c, d, and e) are higher magnifications.
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F I G U R E  1 2 .  a) SEM micrograph of poly (n-ethylaniline), deposited via constant 
potential, showing the lamellar structures. (b, c, d, and e) are higher magnifications.
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is, the less viscous the PIL is as shown in (figure 8). This can be explained when the 
acid reacts with the aniline base to form an anilinium salt, the proton is transferred 
to the amine group and the nitrogen atom becomes positively charged. With many 
anilinium molecules in close proximity, they tend to form an offset π stacking 
arrangement where the positively charged nitrogen atoms align on top of the π 
electron cloud of the benzene ring (figure 13a), hence forming solid salts. However, 
the hydrocarbon chains act like spacers between the amine group and the benzene 
ring which reduces the formation of this offset π stacking of the anilinium (figure 
13b), thus preventing the formation of solid salts. It should be noted that 7 out of 
the 9 studied aniline derivatives formed solids and/or non-ILs liquids (for example 
2-ethyl-aniline and 3-ethyl aniline) as their hydrocarbon chains are attached to 
the benzene ring instead of the amine group (figure 13c). The hydrocarbon chains 
attached to the benzene ring extend initially on the same plan and hence do not 
F I G U R E  1 3 .  Illustration showing a) anilinium salt arranged in an offset π stacking 
configuration, b) n-ethylanilinium salt where the ethyl group is hindering the π stacking 
rearrangement by increasing the proximity between the amine group and the benzene ring, 
and c) 3,5-dimethylanilinium salt as an example for the alkyl groups that are attached to the 
benzene ring and extend on the same plane and do not hinder the π stacking rearrangement.
hinder the π stacking rearrangement.
The addition of 150 μL (0.015 wt%, 162 ppm measured) of water to the product of 
the full scale synthesis (n-ethylanilinium TFA) in addition to heating to 50˚ C after 
the purification process were required to convert it back into liquid form. The PIL 
produced is stable after cooling down to room temperature, hence suggesting that 
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water plays a role in lowering the melting point of the PIL which was  measured to 
be 42˚ C for the solid and 3˚ C after water addition.
In this investigation we screened the stoichiometric acid-base reaction of a broad 
range of commercially available aniline derivatives with 6 acids. Combinations of 
these which led to PILs that were liquid at room temperature have the potential to 
be polymerised into conductive polymers. Of the 54 combinations tested in a HT 
manner there were five identified as possible candidates for future polymerisation 
trials, and all of these contained an aniline derivative with a –NHR group. None of 
the aniline derivatives with –NH2 groups formed PILs which were liquid at room 
temperature. 
Consequently this HT screening approach indicates that future studies should 
focus on n-alkylanilines with different alkyl chain lengths (–NHR), extending to a 
broader range of anilines and acids. While the closely related n,n-dialkylanilines (–
NR2) may form PILs which are liquid at room temperature, they will not be suitable 
polymerisable candidates due to the absence of protons from the amine groups 
which are necessary for the polymerisation process to occur [4, 5].
C O N C L U S I O N S
This is the first high throughput combinatorial approach to anilinium-based PIL 
design to the best of our knowledge. Compared to the traditional IL synthesis 
approaches, this is a significantly different and efficient method. Traditionally, 
IL research has focussed on the rigorous characterisation of a handful of ILs, and 
there are few studies which use a large number of ILs.[16] For the aprotic ILs, their 
synthesis is difficult with many steps and we don’t envisage a simple method to 
high throughput screening. However, due to the simplicity of PIL synthesis, this is 
a highly viable method to enable the rapid identification of potential PILs, where 
a select few only then need to be synthesised and characterised in significant 
quantities. Using high-throughput screening, a wider range of acid-base precursors 
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could be easily trialled to identify potential PILs. Furthermore, the screening 
process can be designed to identify the PIL with specific properties for specific 
applications. This new PIL is the first aniline based ionic liquid to the best of our 
knowledge, which is a very promising reagent as it can play more than one role at 
once (i.e. solvent, supporting electrolyte and monomer).
Furthermore, the deposition of poly (n-ethylaniline) from n-ethylanilinium 
trifluoroacetate PIL was carried out where the PIL served as a polymerisation 
precursor and solvent in the same instance.  The use of the self-contained anilinium-
based PIL did not require the addition of a proton rich electrolytes, such as acids, in 
order to polymerise poly (n-ethylaniline). The morphology of the deposited films 
was controlled via applying different deposition methods. After cycling of the 
polymer in the 0.1 M TFA aqueous solution for 10 cycles, it did not show any sign 
of degradation. However, the deposited polymer films are highly soluble in their 
PIL precursor as well as a range of organic solvents, such as ethanol, acetone and 
acetonitrile.
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P A R T  2 
P E D O T
This part of the thesis focuses on 
polythiophenes and especially PEDOT. In this 
part a novel approach to produce PEDOT on a flexible 
electrode and its catalytic behaviour towards the oxygen 
reduction reaction are discussed. Also, a study on the 
electrical conductivity of PEDOT at negative potentials 
is presented. Furthermore, thiophene is grafted on to Si 
nanoparticles for potential use in Li-ion batteries.
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The demand for energy is continually increasing owing to rapid advances in technology and the significant emergence of electronic gadgets. The transformation from using fossil fuels to alternative renewable green 
energy sources is also of the upmost importance. Indeed, the motivation to 
develop new energy devices to keep up with such technological evolution and 
cover the increasing demand for energy has become overwhelming among the 
scientific community. Such devices should be light, durable and able to store 
(e.g., metal–air batteries) or generate a high amount of energy (e.g., fuel cells) 
with respect to their mass and volume [1-3].
In general, fuel cells utilise noble metal nanoparticles such as platinum and 
platinum-based composites immobilised on high-surface-area support 
materials as cathodes for the oxygen reduction reaction (ORR), as they are 
highly active and exhibit high current density [4-8]. However, there are some 
drawbacks that limit the application of such nanomaterials in fuel cells and 
metal–air batteries, such as cost, poor mechanical attachment in the case 
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of composite electrodes and the propensity to dissolve [9-11]. On the other hand, 
conducting polymers and, especially, poly(3,4-ethylenedioxythiopene) (PEDOT) 
have been shown to be good non-metal-based catalysts and an alternative to Pt for 
the ORR, which has been demonstrated by many groups [12-14]. PEDOT is a versatile 
material that has been used in many other applications including organic solar 
cells, organic light-emitting diodes and antistatic coatings [15-18]. The ability to use 
this processable material as a replacement for precious Pt as well as being able to 
fabricate flexible electrodes for organic electronic applications is highly attractive.
The ORR proceeds at PEDOT through two pathways under alkaline conditions: 
a four-electron step in which oxygen is completely reduced in one direct step to 
hydroxide (Equation 1), as reported for vapour-phase polymerised films,4a or two 
consecutive two-electron steps in which oxygen undergoes reduction through 
a hydrogen peroxide anion intermediate and then to hydroxide (Equations.  2, 3), 
which generally occurs at electropolymerised films [19, 20]. The discrepancy in 
activity between the two synthetic approaches is difficult to explain and indeed 
there still remains much debate as to the origin of the active site for the ORR at 
PEDOT and the role of morphology, counter-ion, electrolyte and synthesis solvent. 
In fact, it has even been reported by Katashinskii et al.[21] that PEDOT is inactive for 
the ORR.
O 2 + 4 e − + 2 H 2 O ➙ 4 O H −      . . . ( 1 )
O 2 + 2 e − + 2 H 2 O ➙ O H − + O 2 H −     . . . ( 2 )
O 2 H + 2 e − + H 2 O ➙ 3 O H −      . . . ( 3 )
Given the ease with which electrochemical deposition of conducting polymers can 
be achieved under ambient conditions using inexpensive equipment, significant 
research attention has focused on fabricating electropolymerised PEDOT films. 
This included studies on the effect of a number of factors, such as counter-ion 
incorporation [22], electropolymerisation techniques[19] and electropolymerisation 
potentials[23] on the structure, electrochemical and catalytic properties of PEDOT. 
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In all of these studies, PEDOT was electropolymerised from either an aqueous or 
organic solvent [24, 25]. Although PEDOT has been chemically polymerised and 
characterised in a variety of ionic liquids (ILs) [26-28], there is no reported study, 
to the best of our knowledge, that has subsequently investigated these polymers 
specifically for their electrocatalytic activity for the ORR.
Herein, a novel technique of PEDOT electropolymerisation onto carbon cloths in a 
sandwich cell configuration from ILs is presented as well as the influence of such 
an approach on PEDOT’s electrocatalytic behaviour for the ORR under alkaline and 
acidic conditions. Significantly, this approach and choice of substrate opens up the 
area of miniaturised and flexible conducting-polymer-based electrodes that may be 
utilised in energy generation and storage technology, which could be incorporated 
in applications such as wearable electronic devices.
E X P E R I M E N T A L  S E C T I O N
M A T E R I A L S  A N D  E Q U I P M E N T
1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (C4mpyrTFSI, 
≥98.5 %) ionic liquid (IL), 3,4-ethylenedioxythiopene (EDOT; Sigma–Aldrich), NaOH 
and H2SO4 (BDH), battery separator (Solupor 7P, Lydall Solutech BV) and carbon 
cloth (AvCarb Carbon Fabrics, Ballard Material Products, Inc.) were used as received 
without further purification.
The electropolymerisation and electrochemical measurements were performed 
using a CH Instruments (CHI 920D SECM) scanning electrochemical microscopy 
potentiostat or CH Instruments (CHI 730E) potentiostat. Rotating-disk electrode 
(RDE) experiments were carried out with a BASi module RDE2 rotator. An ITO 
glass electrode, carbon paste RDE and 10 μm Pt ultra-microelectrode (UME) were 
used as working electrodes in electropolymerisation, RDE measurements and 
SECM measurements, respectively. An Ag/AgCl (3 m KCl) electrode was used as a 
reference electrode in all experiments. An ITO glass electrode was used as a counter 
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electrode in PEDOT polymerisation experiments and a Pt wire in RDE and SECM 
measurements.
E L E C T R O P O L Y M E R I S A T I O N 
P R O C E D U R E
The solution for PEDOT electropolymerisation was prepared by dissolving EDOT in 
C4mpyrTFSI IL or 1 m LiTFSI acetonitrile solution to a concentration of 0.6 mol kg−1. 
Two-thirds of the carbon cloth with dimensions of 1×3 cm was wetted by the prepared 
solution and covered by the battery separator on one side then sandwiched between 
two staggered ITO glass electrodes. A drop of the solution was placed on top of the 
electrode and in contact with the carbon cloth to make a contact to the reference 
electrode (Figure 1). Electropolymerisation was performed by biasing the potential 
at 0.9 V versus Ag/AgCl for 15 and 30 min [29]. After the electropolymerisation was 
finished, the carbon cloth was rinsed with ethanol several times and dried under 
a stream of nitrogen gas. The resultant carbon cloth had a uniform dark and hard 
region where the PEDOT was deposited. The loading of PEDOT on carbon cloth 
was determined by weighing the cloth before and after the electropolymerisation 
experiment.
F I G U R E  1 .  Illustration of the electropolymerisation method used to 
load PEDOT onto carbon cloths. The carbon cloth is wetted with EDOT in 
C4mpyrTFSI IL or 1 M LiTFSI in acetonitrile, covered with a battery separator 
from one side and then sandwiched between two ITO glass electrodes.
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R D E  A N D  S E C M  M E A S U R E M E N T S
Disks (diameter 5 mm) were cut out of the PEDOT-coated carbon cloths by using 
a hole puncher and attached to a carbon paste RDE for maximum surface contact. 
The measurements were performed in oxygen-saturated NaOH and H2SO4 (0.1 m) 
solutions by linear scanning of the potential from 0.1 to −0.7 V versus 3 m Ag/
AgCl and varying the rotation speeds from 700 to 2300 rpm. This was followed by 
measurements in nitrogen-purged H2SO4 solutions.
Analogous to the rotating-ring disk electrode, SECM measurements were 
performed using a four-electrode arrangement with PEDOT-coated carbon cloth 
as the substrate working electrode and the 10 μm Pt UME as the tip working 
electrode in the same solutions used in RDE measurements. Using 1 mm potassium 
ferrocyanide solution as a redox mediator, the UME was positioned to 10 μm above 
the PEDOT-coated carbon cloth. Then the mediator solution was replaced with 
oxygen-saturated NaOH or H2SO4 (0.1 m) solutions and the UME was biased at 0.2 
V (i.e., to detect peroxide if produced during the ORR) while linear scanning of the 
potential of the substrate from 0.1 to −0.7 V was performed to reduce the dissolved 
oxygen (i.e. substrate generation/tip collection (SG/TC) mode). Figure 2 shows the 
experimental setup.
y
x
z
RO
W.E.1
(UME)
bipotentiostat
C.E. R.E. W.E.2
(substrate)
XYZ
positioning
system
Computer for
controling and 
data acquisition
Substrate
UME
F I G U R E  2 .  Schematic illustration shows SECM instrumental configuration
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S U R F A C E  C H A R A C T E R I S A T I O N
The morphology of the PEDOT-coated carbon cloth was examined by scanning 
electron microscopy using an FEI Nova Nano-SEM microscope. The samples were 
examined under the microscope without being coated with gold or carbon films. In 
addition, a Raman spectrometer (PerkinElmer, Raman Station 400F, 785 nm laser) 
was used for spectroscopic analysis of the composites.
C O N D U C T I V I T Y  M E A S U R E M E N T S
The conductivity was calculated from (Eq. 4):
σ = ( R ( A / l ) ) − 1       . . . ( 4 )
in which σ  is conductivity in S m−1, R is resistance in Ω, A is the area of contact and 
equation image is the length of the sample between the probes. The resistance was 
measured with two cylindrical probes. The probes were clamped to fix the distance 
between them and then made to contact the modified carbon cloth from the sides 
without piercing through the polymer surface. This allowed contact between the 
probes and the polymer without the carbon cloth. Also, the conductivity of the 
carbon cloth was measured, separately, to be higher than that of the PEDOT-coated 
cloth. 
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R E S U L T S  A N D  D I S C U S S I O N
The electropolymerisation of PEDOT was performed from two separate solutions 
containing 3,4-ethylenedioxythiopene (EDOT) dissolved in either butyl-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (C4mpyrTFSI) IL or 
acetonitrile at a concentration of 0.6 mol kg−1. Initial experiments performed with 
a typical three-electrode setup in a conventional glass electrochemical cell using a 
carbon cloth working electrode suspended in the IL solution resulted in significant 
dissolution of PEDOT during the electropolymerisation process. This could be 
observed by eye as a dark coloration of the electrolyte diffusing away from the 
carbon cloth while the electrode was under potential control. Therefore, to promote 
the adhesion of PEDOT to the carbon cloth a different experimental setup was 
required and is illustrated in Figure 1.
With this configuration the carbon cloth was wetted with electrolyte and confined 
between two indium tin oxide (ITO) electrodes, of which the one directly connected 
to the carbon cloth acted as the working electrode (W.E.) and the other as the 
counter electrode (C.E.). The ITO electrodes maintained their integrity as evidenced 
by their high conductivity after the electropolymerisation experiment; however, 
they were discarded after the process and a new pair of electrodes was used for each 
experiment. A standard battery separator was employed to avoid short-circuiting 
the two electrodes. The reference electrode (R.E.) was positioned within a drop of 
electrolyte that was placed on the carbon cloth, as shown schematically in Figure 
1. To initiate the electropolymerisation reaction, a potential of 0.90 V was applied 
and then held for different times. It was found that polymerisation times less than 
15 minutes resulted in low polymer coverage, whereas polymerisation times greater 
than 30 minutes resulted in over-grown polymer structures that covered the carbon 
bundles and obscured the individual fibres. As a result, two polymerisation times 
were used in this study (i.e., 15 and 30 minutes) to examine the effect of PEDOT 
loading, which resulted in the uniform deposition of PEDOT over the carbon cloth 
surface without any visual detachment of the polymer from the cloth. In contrast, a 
polymer coating produced from acetonitrile using the same setup was non-uniform, 
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brittle and detached easily from the substrate. Furthermore, the solvent dried out 
during the polymerisation process owing to the low volume required with this 
approach and the fabric needed to be wetted constantly. This was not a problem 
with the non-volatile IL that was used.
Figure 3 shows SEM images of PEDOT electrodeposited from the IL onto carbon 
cloth for periods of 15 minutes (Figure 3 b,e) and 30 minutes (Figure 3 c,f). For 
comparison SEM images of the unmodified cloth are also shown (Figure 3 a,d). It 
can be seen that after 15 minutes of polymerisation the individual fibres can be 
easily distinguished, even though there is clear evidence of a uniform coating over 
the individual fibres, which increases their diameter from 35 to about 38 μm. Upon 
increasing the deposition time to 30 minutes, the thickness of the fibres increases 
to about 50 μm and a significant polymer coating can be seen. Importantly, the 
coverage is still uniform, although some nodular growth is seen along each fibre, 
and from the lower-magnification image (Figure 3 e) the cloth does not show any 
patchy or clumped growth anywhere on the sample. The loading of PEDOT onto the 
carbon cloth was 3.95 and 7.11 mg cm−2 for electropolymerisation times of 15 and 30 
minutes, respectively. Significantly, the carbon cloth maintained a great degree of 
flexibility after the electropolymerisation of PEDOT from the IL (Figure 4) and did 
not show any evidence of the polymer flaking off the cloth.
This was in contrast to electropolymerisation performed in acetonitrile using the 
sandwich cell configuration as in Figure 1, which resulted in a powder-like nodular 
coverage (Figure 5). The PEDOT film exhibited poor adhesion to the carbon cloth’s 
fibres and poor structural integrity. However, the film produced by this setup was 
still markedly more uniform than the patchy and dense film fabricated with the 
conventional three-electrode setup using a suspended carbon cloth as the working 
electrode in a large volume of electrolyte (Figure 6). These results are in agreement 
with studies performed in organic or aqueous solvents, which usually result in a 
very rough morphology with separated islands of polymer in contrast to IL-grown 
films [30, 31]. This finding suggests that there are two contributing factors to such 
improved morphology and particularly adhesion when ILs are used, that is, a 
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F I G U R E  3 .  SEM images of bare carbon cloth (a and d), PEDOT-
coated carbon cloth after 15 min (b and e) and 30 min (c and f) of 
polymerisation, and side views of the 30 min deposition sample (g–i).
F I G U R E  4 .  A digital photograph 
showing the flexibility of the PEDOT 
(IL)-coated carbon cloth.
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highly uniform electric field is applied under this type of cell configuration and the 
IL facilitates slower growth of the polymer given its viscosity (59.9 cP) compared to 
more conventional solvents such as acetonitrile (0.35 cP). This approach to fabricating 
conducting polymers may be of significant advantage to other systems in which 
adhesion is problematic. Recently, a polymer of similar functionality, poly(3,4-
ethylenedioxypyrrole) (PEDOP), required the use of an intermediate adhesion layer 
of polypyrrole for successful coverage of a stainless-steel mesh substrate for use as 
a super-oleophobic surface [32].
F I G U R E  5 .  SEM images 
of PEDOT-coated carbon cloth 
electropolymerised from acetonitrile 
after 30 min using the sandwich cell 
configuration as in Figure 1 (a), and 
higher magnifications showing the flaky 
powder-like polymer coating on the carbon 
cloth (b and c). d, e) Micrographs showing 
the poor structural integrity of the film 
where the polymer crumbled and fell off 
the fibres during sample preparation, 
and f) a single carbon fibre with partial 
coating showing the poor contact between 
the polymer film and the substrate.
—  135  —
C H A P T E R  V
In all cases the purity of PEDOT was confirmed by Raman spectroscopy, which is 
shown in Figure 7 and the relevant bands are assigned in Table 1. The spectra are 
compared with those in previous literature reports of neutral and doped PEDOT 
[33-37]. The data show a strong band at approximately 1451 cm−1 for both films that 
corresponds to Cα=Cβ symmetric vibrations. This band can be attributed to the 
PEDOT film being in a doped state, and the position of the band shifts to more 
positive values when PEDOT is doped [33]. Comparing our data to those of previous 
studies, the Cα=Cβ symmetric vibration in neutral “de-doped” PEDOT shifts from 
1414 to 1445 cm−1 when doped for both films, which is consistent with a previous 
study which reported that this band shifted to 1451 cm−1 [33]. This indicates that 
the electropolymerised PEDOT from the IL is in a doped state for both films. Also, 
the Cα−Cα (inter-ring) stretching band at 1252 cm−1 shifts to 1267 cm−1, which is 
F I G U R E  6 .  SEM micrographs of PEDOT-
coated carbon cloth from acetonitrile after 30 
minutes via conventional 3 electrodes cell (a) and 
higher magnifications (b and c) show the irregular, 
dense and patchy deposition with some areas 
without polymer coverage. Also, the deposition 
took place around the cloth surface and around the 
bundles instead of the individual carbon fibres as 
produced via the sandwich cell setup.
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consistent with the previous report. Therefore the Raman data for PEDOT obtained 
in our study shows that doped PEDOT was successfully electropolymerised on the 
carbon cloth. Raman spectra were also recorded for the carbon cloth (Figure 7) but 
no significant signal was detected.
F I G U R E  7 .  Raman 
spectra of carbon cloth (C.C.) 
and electropolymerised PEDOT-
coated carbon cloths showing the 
characteristic peak at approximately 
1451 cm−1 that corresponds to 
Cα=Cβ symmetric vibrations.
T A B L E  1 .  Summary of Raman shifts [cm−1] of PEDOT 
and their assignments according to the literature.
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Although the morphology of the film may be influential for the applicability of this 
material, the role of conductivity should also be considered for any electrocatalytic 
or electronic application. The conductivity for the 15 minutes electropolymerised 
PEDOT (IL)-coated carbon cloth was measured to be 179 S cm−1, which increased 
to 476 S cm−1 for the thicker film electropolymerised for 30 minutes, whereas the 
PEDOT electropolymerised from acetonitrile gave a much lower value of 79 S cm−1, 
nearly six times lower than that for the thickest PEDOT (IL) sample. This may be 
attributed to different morphology but more likely results from the number of 
counter-ions incorporated within the polymer structure (i.e., doping level) as the 
latter is known to significantly impact on conductivity. In comparison, the vapour-
deposited PEDOT films reported previously exhibited conductivities of the order of 
approximately 1025 S cm−1 [12, 38].
Previous studies have shown that the number of counter-ions incorporated in 
chemically synthesised PEDOT films (and hence conductivity) is lower than that 
achieved using electropolymerisation as the former is more rapid and inhibits 
counter-ion incorporation [39]. Comparatively, the use of solvents with different 
viscosities influences the rate of polymerisation and therefore the number of 
counter-ions incorporated into the film. In these studies the same counter-ion 
(i.e., TFSI−) was used in both solvents and therefore it is expected that the rate of 
electropolymerisation in the IL is significantly lower than in acetonitrile, given its 
higher viscosity, thereby allowing more TFSI− ions to be incorporated into the final 
PEDOT film. The doping levels for the 30 and 15 minute samples were therefore 
calculated by X-ray photoelectron spectroscopy (XPS; Figure 8) to be 0.32 and 0.21, 
respectively, by comparing the intensity of the two sulphur peaks that are attributed 
to the thiophene ring (binding energies of 163.9 and 165.1 eV for the S 2p1/2 and 
S 2p3/2 core level, respectively)[14] and TFSI anion (binding energies of 168.8 and 
169.8 eV for the S 2p1/2 and S 2p3/2 core level, respectively) (Table 2) [40, 41].
It was found from previous studies that both vapour-phase deposited 
and electropolymerised PEDOT films could be used as oxygen reduction 
electrocatalysts.6a Interestingly, the films reported herein (Figure 3) are quite 
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F I G U R E  8 .  XPS survey spectra for a) 15 min PEDOT-modified carbon cloth and 
b) 30 min PEDOT-modified carbon cloth. The deconvoluted XPS spectra for S 2p peaks for 
c) 15 min PEDOT-modified carbon cloth and d) 30 min PEDOT-modified carbon cloth.
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dense and compact and are consistent with previously reported films that were 
electropolymerised on a platinum substrate from the same IL [31]. They are also 
consistent with the compact films that are generated by vapour-phase deposition. 
Cyclic voltammetric experiments were then performed in oxygen-saturated 
alkaline medium at carbon cloth and PEDOT-covered carbon cloth electrodes 
(Figure 9). It can be seen that there is a significant increase in current to 4.2 mA cm−2 
recorded at the PEDOT electrode compared with the bare carbon cloth and a shift 
in the onset potential to a less negative value of about −0.20 V, the latter value 
and current density being consistent with the ORR at acid-treated commercially 
available PEDOT:PSS films [42]. The response at the carbon cloth electrode is not 
unexpected as carbon does have some activity for the ORR [43, 44]. It also confirms 
F I G U R E  9 .  Cyclic voltammograms of bare carbon cloth (blue) 
and 30 min PEDOT-modified carbon cloth (red) in oxygen 
saturated 0.1 M NaOH solution recorded at 20 mV s−1.
T A B L E  2 .  Deconvoluted S 2p peaks of PEDOT–carbon cloth and the calculated doping level.
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that the underlying electrode is not the major contributor to electrocatalytic 
activity, as recently reported by Bard et al. who demonstrated that the activity of 
PEDOT for the hydrogen evolution reaction was dictated by the underlying metal 
electrode as a result of permeation of electrolyte through pinholes in the polymer 
film [45]. It is also noteworthy that the capacitive nature of the response is greater 
at the PEDOT electrode indicating an increased surface area, which is comparable 
to the behaviour observed at PEDOT:PSS films with incorporated reduced graphene 
oxide that had been treated with concentrated H2SO4 [29].
Linear sweep voltammetric experiments at a rotating-disk electrode (RDE) were 
also performed in alkaline and acidic media to investigate the ORR at PEDOT-
modified carbon cloth electrodes. These experiments were conducted by attaching 
the cloth electrode to a carbon paste RDE as shown in Figure 10. Typical linear 
sweep voltammograms recorded in an oxygen-saturated aqueous solution 
containing 0.1 m NaOH are shown for the bare carbon cloth electrodes and for those 
in which PEDOT had been electropolymerised in the IL for 15 minutes (Figure 11 a,b, 
respectively). To elucidate the number of electrons transferred during the ORR, the 
equation developed by Koutecky and Levich was used and a rotation rate study was 
conducted (Figure 11 c,d). This equation relates the kinetically controlled current 
and the diffusion current to the total current (ik, id, i, respectively, Eq. 5):[19, 46-49]
i − 1 = i − 1 k +  i − 1 d ;  i d = 0 . 6 2 n F A D ⅔ ϖ ½ υ − ( 1 / 6 ) c    . . . ( 5 )
in which n is the number of electrons, F is the Faraday constant, A is the surface area 
of the electrode (calculated to be approximately 0.125 cm2 as the effective diameter 
is 0.4 mm), D and c are the diffusion coefficient (1.9×10−5 cm2 s−1) and solubility 
(1.2×10−6 mol cm−3) of oxygen in aqueous solutions, respectively, υ is the kinematic 
viscosity of the solution (0.01 cm2 s−1) and ϖ is the rotation rate in rad s−1 [50-52]. 
Plotting i−1 versus ϖ −1/2 results in a line that intercepts the y axis to give ik−1 and 
its slope allows the number of electrons to be determined. The average number 
of electrons was calculated from the slope for the 15 minutes PEDOT (IL)-coated 
carbon cloths at −0.6 V and found to be 1.8 (Figure 11 d), thus indicating that the ORR 
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F I G U R E  1 0 .  Illustration of the RDE setup where the PEDOT-
coated carbon cloth is positioned over a carbon paste electrode for 
maximum contact. The PEDOT-coated carbon cloth is masked with 
masking tape to hold it in position during the rotation.
is performed through a two-electron step whereas 1.1 electrons were calculated to 
be transferred at the bare carbon cloth (Figure 11 c). For PEDOT electropolymerised 
in acetonitrile, the number of electrons was calculated to be 1.2 (Figure 12 ). This low 
number is attributed to both the poor coverage and contact between PEDOT and the 
carbon cloth electrode, which results in a surface that severely inhibits the ORR.
Linear sweep voltammetry curves recorded for the 30 minutes electropolymerised 
sample from the IL were very unusual and are shown in Figure 13. The origin of 
this type of response is unclear at present given that the cyclic voltammetric data 
recorded under quiescent conditions (Figure 9) do not show any unusual behaviour. 
The capacitive current for this high-surface-area material would not be expected 
to contribute to such an unusual behaviour and may be related to employing the 
RDE technique with a thick sample that must be immobilised onto a carbon paste 
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F I G U R E  1 1 .  a,b) Linear sweep 
voltammograms recorded at 20 mV s−1 of 
the ORR in 0.1 M NaOH saturated with 
O2(g) for a) carbon cloth and b) PEDOT 
(IL)-coated carbon cloth after 15 min of 
electropolymerisation; the dashed lines in 
(b) are measurements conducted in de-gassed 
solutions. c,d) Koutecky–Levich plots for 
current values recorded at −0.6 V for c) carbon 
cloth and d) PEDOT-covered carbon cloth 
electrodes. e) Tip current recorded at a Pt UME 
(biased at 0.2 V) during a SECM tip generation–
current collection experiment.
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F I G U R E  1 2 .  Linear sweep voltammograms 
recorded at 20 mV s-1 of (a) the ORR in 0.1 M NaOH 
for PEDOT (MeCN)-coated carbon cloth after 30 minutes of 
electropolymerisation and (b) Koutecky-Levich plots for current values 
recorded at -0.6 V for PEDOT covered carbon cloth electrodes
—  144  —
C H A P T E R  V
F I G U R E  1 3 .  Linear sweep voltammograms recorded at 
20 mV s-1 of  the ORR in 0.1 M NaOH for PEDOT (IL)-coated 
carbon cloth after 30 minutes of electropolymerisation.
electrode. However, it must be noted that this behaviour was observed on numerous 
samples prepared in this manner. Therefore, a Koutecky–Levich analysis was 
not performed to elucidate the number of electrons transferred during the ORR. 
An alternative approach to the RDE technique that avoids rotating the electrode 
is scanning electrochemical microscopy (SECM). In particular, the substrate 
generation tip collection mode (detailed in the materials and methods chapter) is 
excellent at determining intermediates generated during a reaction in an analogous 
manner to the rotating-ring disk electrode. The substrate, in this case the PEDOT-
coated carbon cloth, is biased at a negative potential that is sufficient for a reaction to 
take place at the surface (e.g., reduction of oxygen) to generate a product, which can 
be detected at the tip of an ultra-microelectrode (UME; i.e., unwanted intermediate 
species such as hydrogen peroxide). In this mode the tip is biased at a potential 
sufficient for the generated product to be either reduced or oxidised. Under these 
conditions there are two types of current that are measured, namely the generation 
current (at the substrate) and the collection current (at the tip), and the closer the tip 
is to the substrate, the higher the collection current. SECM substrate generation–
tip collection measurements showed a tip collection current that corresponds to 
the reduction of hydrogen peroxide generated from the ORR, at the bare carbon 
cloth and thinner PEDOT film (Figure 11 e), which is consistent with the transfer of 
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two electrons that were calculated from the RDE studies. However, at the thicker 
PEDOT film the collection current is much smaller, which indicates that the ORR 
proceeds via less formation of the hydrogen peroxide intermediate. Overall, the 
mechanism appears to be consistent with a redox cycling process in which initially 
PEDOT is electrochemically reduced at about −0.20 V upon which O2 is adsorbed 
on the surface. PEDOT then rapidly re-oxidises back to its preferred oxidised state, 
which results in the reduction of the adsorbed O2 [12]. This cyclic redox process 
is then maintained at the highly conducting polymer film. As the thicker film is 
rougher, more highly doped and more conducting, there may be more active sites 
available for this reaction to occur, which favours less peroxide formation. It is 
unlikely that the counter-ion is directly playing a role as PEDOT electropolymerised 
in acetonitrile using LiTFSI as supporting electrolyte showed inferior performance 
to PEDOT electropolymerised in the IL.
The same sets of experiments were conducted with PEDOT (IL) under acidic 
conditions in 0.1 m H2SO4 and are illustrated in Figure 14, in which again unusual 
behaviour was observed for the thicker film. From a Koutecky–Levich analysis it 
was found that for the samples electropolymerised at 15 minutes the ORR proceeded 
through the transfer of 2.7 electrons. This demonstrates the suitability of this 
material as an effective electrocatalyst material given its applicability over such a 
large pH range. In addition, the ORR at the PEDOT (IL)-coated carbon cloth was not 
perturbed by the addition of methanol to the solution (Figure 15), in contrast to the 
behaviour often observed at Pt electrodes, which have poor methanol tolerance [42]. 
Therefore this material would also be advantageous for use in a direct methanol 
fuel cell, in which methanol crossover through the membrane of the cell can often 
be problematic [42, 53].
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F I G U R E  1 4 .  Linear sweep voltammograms recorded at 20 mV s-1 
of (a) the ORR in 0.1 M H2SO4 for PEDOT covered carbon cloth after (a) 
15 minutes and (b) 30 minutes of electropolymerisation, the dashed lines 
in each case are measurements conducted in de-gassed solutions.
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F I G U R E  1 5 .  Chronoamperometry response at a PEDOT (IL)-
coated carbon cloth (30 min electropolymerisation time) fixed on an RDE 
rotating at 700 rpm and biased at −0.7 V in 0.1 M NaOH saturated 
with O2(g) after the addition of 3 M methanol to the electrolyte.
C O N C L U S I O N
A novel method for the electropolymerisation of doped poly(3,4-
ethylenedioxythiopene) (PEDOT) from an ionic liquid (IL) in a sandwich 
configuration onto a carbon fibre cloth has been demonstrated. This approach does 
not lead to PEDOT diffusing into solution, as observed for cloth electrodes simply 
immersed in the IL, but rather gives a continuous coating over the individual fibres, 
the thickness of which is controlled by the electropolymerisation time. The use of 
an IL was also crucial for the formation of a uniform film that coated each of the 
individual fibres, as analogous experiments performed using acetonitrile resulted 
in non-uniform and patchy growth owing to poor adhesion to the carbon cloth. The 
resultant flexible electrode was active for the oxygen reduction reaction over a wide 
pH range with the thicker sample showing less formation of the hydrogen peroxide 
intermediate during the course of the reaction, which is possibly a result of its higher 
conductivity attributed to the incorporation of more (trifluoromethanesulfonyl)
imide (TFSI−) anions in the film. Also the electrode fabricated from the IL showed 
markedly improved performance over PEDOT electropolymerised in acetonitrile. 
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Significantly, this method of synthesis opens up a way to electropolymerise a 
variety of other conducting polymers on to flexible electrodes, which may have 
many other applications in flexible or wearable electronic or energy storage or 
conversion devices.
R E F E R E N C E S
1. A. Rabis, P. Rodriguez, T.J. Schmidt, Electrocatalysis for Polymer
Electrolyte Fuel Cells: Recent Achievements and Future Challenges, ACS
Catalysis, 2 (2012) 864-890.
2. N. Zhao, C. Li, X. Guo, Review of Methods for Improving the Cyclic
Stability of Li–Air Batteries by Controlling Cathode Reactions, Energy
Technology, 2 (2014) 317-324.
3. M.A. Rahman, X. Wang, C. Wen, A review of high energy density
lithium–air battery technology, J Appl Electrochem, 44 (2014) 5-22.
4. Z. Liu, X. Lin, J.Y. Lee, W. Zhang, M. Han, L.M. Gan, Preparation and
characterization of platinum-based electrocatalysts on multi-walled
carbon nanotubes for proton exchange membrane fuel cells, Langmuir,
18 (2002) 4054-4060.
5. D.B. Meadowcroft, Low-cost oxygen electrode material, Nature (London),
226 (1970) 847-848.
6. S. Mukerjee, S. Srinivasan, Enhanced electrocatalysis of oxygen
reduction on platinum alloys in proton exchange membrane fuel cells,
Journal of Electroanalytical Chemistry, 357 (1993) 201-224.
7. J.-S. Lee, S. Tai Kim, R. Cao, N.-S. Choi, M. Liu, K.T. Lee, J. Cho, Metal–Air
Batteries with High Energy Density: Li–Air versus Zn–Air, Advanced
Energy Materials, 1 (2011) 34-50.
8. K.J.J. Mayrhofer, D. Strmcnik, B.B. Blizanac, V. Stamenkovic, M. Arenz,
N.M. Markovic, Measurement of oxygen reduction activities via the
—  149  —
C H A P T E R  V
rotating disc electrode method: From Pt model surfaces to carbon-
supported high surface area catalysts, Electrochimica Acta, 53 (2008) 
3181-3188.
9. B.C.H. Steele, A. Heinzel, Materials for fuel-cell technologies, Nature
(London, U. K.), 414 (2001) 345-352.
10. X. Yu, S. Ye, Recent advances in activity and durability enhancement of
Pt/C catalytic cathode in PEMFC, J. Power Sources, 172 (2007) 145-154.
11. M.S. Wilson, F.H. Garzon, K.E. Sickafus, S. Gottesfeld, Surface area loss
of supported platinum in polymer electrolyte fuel cells, J. Electrochem.
Soc., 140 (1993) 2872-2877.
12. B. Winther-Jensen, O. Winther-Jensen, M. Forsyth, D.R. MacFarlane,
High Rates of Oxygen Reduction over a Vapor Phase–Polymerized
PEDOT Electrode, Science, 321 (2008) 671-674.
13. E. Nasybulin, W. Xu, M.H. Engelhard, X.S. Li, M. Gu, D. Hu, J.-G. Zhang,
Electrocatalytic properties of poly(3,4-ethylenedioxythiophene)
(PEDOT) in Li-O2 battery, Electrochem. Commun., 29 (2013) 63-66.
14. P.P. Cottis, D. Evans, M. Fabretto, S. Pering, P. Murphy, P. Hojati-Talemi,
Metal-free oxygen reduction electrodes based on thin PEDOT films with
high electrocatalytic activity, RSC Adv., 4 (2014) 9819-9824.
15.  Y. Hongsheng, Q. Bo, M. Shengbo, C. Zhijian, X. Lixin, G. Qihuang, Indium
tin oxide-free polymer solar cells using a PEDOT : PSS/Ag/PEDOT : PSS
multilayer as a transparent anode, Journal of Physics D: Applied Physics,
45 (2012) 425102.
16.  C. Pozo-Gonzalo, R. Marcilla, M. Salsamendi, D. Mecerreyes, J.A. Pomposo,
J. Rodríguez, H.J. Bolink, PEDOT:Poly(1-vinyl-3-ethylimidazolium)
dispersions as alternative materials for optoelectronic devices, Journal
of Polymer Science Part A: Polymer Chemistry, 46 (2008) 3150-3154.
17.  J. Kim, E. Kim, Y. Won, H. Lee, K. Suh, The preparation and characteristics
of conductive poly(3,4-ethylenedioxythiophene) thin film by vapor-
—  150  —
C H A P T E R  V
phase polymerization, Synthetic Metals, 139 (2003) 485-489.
18. M. Granström, M. Berggren, O. Inganäs, Polymeric light-emitting diodes 
of submicron size — structures and developments, Synthetic Metals, 76 
(1996) 141-143.
19. R. Kerr, C. Pozo-Gonzalo, M. Forsyth, B. Winther-Jensen, Influence of 
the Polymerization Method on the Oxygen Reduction Reaction Pathway 
on PEDOT, ECS Electrochemistry Letters, 2 (2013) F29-F31.
20. J.F. Ma, X. Wang, X.W. Jiao, Electrocatalytic Reduction of Oxygen on 
PEDOT-Modified Glassy Carbon Electrode, Int. J. Electrochem. Sci., 7 
(2012) 1556-1563.
21. V.G. Khomenko, V.Z. Barsukov, A.S. Katashinskii, The catalytic activity 
of conducting polymers toward oxygen reduction, Electrochim. Acta, 50 
(2005) 1675-1683.
22. Z.A. King, C.M. Shaw, S.A. Spanninga, D.C. Martin, Structural, 
chemical and electrochemical characterization of poly(3,4-
Ethylenedioxythiophene) (PEDOT) prepared with various counter-ions 
and heat treatments, Polymer, 52 (2011) 1302-1308.
23. X. Du, Z. Wang, Effects of polymerization potential on the properties of 
electrosynthesized PEDOT films, Electrochimica Acta, 48 (2003) 1713-
1717.
24. N. Sakmeche, S. Aeiyach, J.-J. Aaron, M. Jouini, J.C. Lacroix, P.-C. Lacaze, 
Improvement of the Electrosynthesis and Physicochemical Properties 
of Poly(3,4-ethylenedioxythiophene) Using a Sodium Dodecyl Sulfate 
Micellar Aqueous Medium, Langmuir, 15 (1999) 2566-2574.
25. H. Randriamahazaka, V. Noël, C. Chevrot, Nucleation and growth of 
poly(3,4-ethylenedioxythiophene) in acetonitrile on platinum under 
potentiostatic conditions, Journal of Electroanalytical Chemistry, 472 
(1999) 103-111.
26. A. Ispas, R. Peipmann, A. Bund, I. Efimov, On the p-doping of PEDOT 
—  151  —
C H A P T E R  V
layers in various ionic liquids studied by EQCM and acoustic impedance, 
Electrochimica Acta, 54 (2009) 4668-4675.
27. P. Damlin, C. Kvarnström, A. Ivaska, Electrochemical synthesis 
and in situ spectroelectrochemical characterization of poly(3,4-
ethylenedioxythiophene) (PEDOT) in room temperature ionic liquids, 
Journal of Electroanalytical Chemistry, 570 (2004) 113-122.
28. A.P. Sandoval, J.M. Feliu, R.M. Torresi, M.F. Suarez-Herrera, 
Electrochemical properties of poly(3,4-ethylenedioxythiophene) grown 
on Pt(111) in imidazolium ionic liquids, RSC Advances, 4 (2014) 3383-3391.
29. G.A. Snook, C. Peng, D.J. Fray, G.Z. Chen, Achieving high electrode 
specific capacitance with materials of low mass specific capacitance: 
Potentiostatically grown thick micro-nanoporous PEDOT films, 
Electrochemistry Communications, 9 (2007) 83-88.
30. M. Deepa, S. Bhandari, R. Kant, A comparison of charge transport 
behavior in functionalized and non-functionalized poly 
3,4-(ethylenedioxythiophene) films, Electrochimica Acta, 54 (2009) 
1292-1303.
31. G.A. Snook, A.S. Best, Co-deposition of conducting polymers in a room 
temperature ionic liquid, J. Mater. Chem., 19 (2009) 4248-4254.
32. T. Darmanin, J. Tarrade, E. Celia, H. Bellanger, F. Guittard, 
Superoleophobic Meshes with Relatively Low Hysteresis and Sliding 
Angles by Electropolymerization: Importance of Polymer-Growth 
Control, ChemPlusChem, 79 (2014) 382-386.
33. W.W. Chiu, J. Travaš-Sejdić, R.P. Cooney, G.A. Bowmaker, Studies of 
dopant effects in poly(3,4-ethylenedi-oxythiophene) using Raman 
spectroscopy, Journal of Raman Spectroscopy, 37 (2006) 1354-1361.
34. H. Gustafsson, C. Kvarnström, A. Ivaska, Comparative study of n-doping 
and p-doping of poly(3,4-ethylenedioxythiophene) electrosynthesised 
on aluminium, Thin Solid Films, 517 (2008) 474-478.
—  152  —
C H A P T E R  V
35. R.P. Cooney, G.A. Bowmaker, J. Travas-Sejdic, W.W. Chiu, Spectroscopic 
studies of sulphate-iodine exchange doping of the conducting polymer 
pedot, Science Access, 2 (2004) 184-185.
36. S. Selvaganesh, J. Mathiyarasu, K.L.N. Phani, V. Yegnaraman, Chemical 
Synthesis of PEDOT-Au Nanocomposite, Nanoscale Research Letters, 2 
(2007) 546-549.
37. M. Łapkowski, A. Proń, Electrochemical oxidation of poly(3,4-
ethylenedioxythiophene) — “in situ” conductivity and spectroscopic 
investigations, Synthetic Metals, 110 (2000) 79-83.
38. A. Elschner, S. Kirchmeyer, W. Lövenich, U. Merker, K. Reuter, The In 
Situ Polymerization of EDOT to PEDOT, in:  PEDOT, CRC Press, 2010, pp. 
91-111.
39. A. Elschner, S. Kirchmeyer, W. Lövenich, U. Merker, K. Reuter, 
Counterions for PEDOT, in:  PEDOT, CRC Press, 2010, pp. 83-89.
40. A. Budi, A. Basile, G. Opletal, A.F. Hollenkamp, A.S. Best, R.J. Rees, A.I. 
Bhatt, A.P. O’Mullane, S.P. Russo, Study of the Initial Stage of Solid 
Electrolyte Interphase Formation upon Chemical Reaction of Lithium 
Metal and N-Methyl-N-Propyl-Pyrrolidinium-Bis(Fluorosulfonyl)
Imide, The Journal of Physical Chemistry C, 116 (2012) 19789-19797.
41. P.C. Howlett, N. Brack, A.F. Hollenkamp, M. Forsyth, D.R. 
MacFarlane, Characterization of the Lithium Surface in N-Methyl-
N-alkylpyrrolidinium Bis(trifluoromethanesulfonyl)amide Room-
Temperature Ionic Liquid Electrolytes, Journal of The Electrochemical 
Society, 153 (2006) A595-A606.
42. M. Zhang, W. Yuan, B. Yao, C. Li, G. Shi, Solution-Processed PEDOT:PSS/
Graphene Composites as the Electrocatalyst for Oxygen Reduction 
Reaction, ACS Appl. Mater. Interfaces, 6 (2014) 3587-3593.
43. V.B. Baez, D. Pletcher, Preparation and characterization of carbon/
titanium dioxide surfaces — the reduction of oxygen, Journal of 
—  153  —
C H A P T E R  V
Electroanalytical Chemistry, 382 (1995) 59-64.
44. R.J. Taylor, A.A. Humffray, Electrochemical studies on glassy carbon 
electrodes: II. Oxygen reduction in solutions of high pH (pH&gt;10), 
Journal of Electroanalytical Chemistry and Interfacial Electrochemistry, 
64 (1975) 63-84.
45. C. Gu, B.C. Norris, F.-R.F. Fan, C.W. Bielawski, A.J. Bard, Is Base-
Inhibited Vapor Phase Polymerized PEDOT an Electrocatalyst for the 
Hydrogen Evolution Reaction? Exploring Substrate Effects, Including Pt 
Contaminated Au, ACS Catalysis, 2 (2012) 746-750.
46. K. Shigehara, F.C. Anson, Electrocatalytic activity of three iron 
porphyrins in the reduction of dioxygen and hydrogen peroxide at 
graphite cathodes, The Journal of Physical Chemistry, 86 (1982) 2776-
2783.
47. K. Tamura, B.M. Ocko, J.X. Wang, R.R. Adžić, Structure of Active Adlayers 
on Bimetallic Surfaces:‚ Oxygen Reduction on Au(111) with Bi Adlayers, 
The Journal of Physical Chemistry B, 106 (2002) 3896-3901.
48. W.E. Mustain, J. Prakash, A Model for the Electroreduction of Molecular 
Oxygen, Journal of The Electrochemical Society, 154 (2007) A668-A676.
49. K. Tammeveski, K.s. Kontturi, R.J. Nichols, R.J. Potter, D.J. Schiffrin, 
Surface redox catalysis for O2 reduction on quinone-modified glassy 
carbon electrodes, Journal of Electroanalytical Chemistry, 515 (2001) 101-
112.
50. M. Van Brussel, G. Kokkinidis, A. Hubin, C. Buess-Herman, Oxygen 
reduction at platinum modified gold electrodes, Electrochimica Acta, 48 
(2003) 3909-3919.
51. R. Liu, D. Wu, X. Feng, K. Müllen, Nitrogen-Doped Ordered Mesoporous 
Graphitic Arrays with High Electrocatalytic Activity for Oxygen 
Reduction, Angewandte Chemie, 122 (2010) 2619-2623.
52. R.E. Davis, G.L. Horvath, C.W. Tobias, The solubility and diffusion 
—  154  —
C H A P T E R  V
coefficient of oxygen in potassium hydroxide solutions, Electrochimica 
Acta, 12 (1967) 287-297.
53. J. Wu, H. Yang, Platinum-Based Oxygen Reduction Electrocatalysts, 
Accounts of Chemical Research, 46 (2013) 1848-1857.
C H A P T E R  6
S U S T A I N I N G 
T H E  C O N D U C T I V I T Y 
o f 
P E D O T 
a t 
V E R Y  N E G A T I V E 
P O T E N T I A L S
The contents of this chapter was submitted to Electrochemistry Communications 
journal. 
—  156  —
C H A P T E R  V I
Since their discovery in the last century[1-3], conducting polymers (CPs) have been widely utilised in many important technological fields due to their ability to be structurally and chemically engineered to meet specific 
applications, such as energy storage and generation. Furthermore, CPs are amongst 
the most widely studied materials for energy applications due to their excellent 
chemical and physical properties, such as high surface area and short path lengths 
for electronic and ionic transport [4]. The ability of CPs to be manufactured on a 
large scale as well as being solution processable makes them particularly useful for 
flexible devices such as wearable electronics as well as structural panel batteries 
that can be applied in vehicle panels (e.g. doors, roof, etc.) [4].
Previous studies have demonstrated the use of CPs, mainly PEDOT and polyaniline, 
in various energy applications such as supercapacitors, lithium-ion batteries and 
fuel cells. The CPs served as the main electrode material in case of supercapacitors 
and fuel cells [5, 6], while in the case of Li ion batteries, the CPs served as both a 
scaffold and conducting matrix for the active electrode materials, such as Si and 
S [7-10]. More recently PEDOT was also introduced as an oligomer to engineer 
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electronic contacts between LiFePO4 and the conducting additive of the electrode 
[11]. Furthermore, a high performance Li-ion battery was achieved by 
incorporating a polyaniline, which is not n-dopable, hydrogel into the silicon 
negative electrode [9]. The Si nanoparticles were encapsulated within the 
polyaniline 3D porous network via in situ polymerisation, which is highly 
scalable. The CP served as a conductive network for fast electron and ion 
transport as well as providing the proper space for the Si to expand. These studies 
showed the valuable contribution of the CPs to the performance of the tested 
energy devices. However, for Li-ion batteries, the charging/discharging process 
on the negative electrode takes place at a very negative potential (vs. Li/Li+) [12] in 
a region where the CPs are n-doped, as in PEDOT and polypyrrole, or undoped, as 
in the case of polyaniline. Due to this phenomenon, the use of CPs as battery 
electrode materials receives some criticism. That is because at this very negative 
potential range the conductivity of the CPs is thought to be at its lowest due to the 
lack of dopant (counter-ion) within the polymer structure, as in polyaniline, or 
the very low concentration of dopant, as in n-doped PEDOT. This counter-ion, 
however, contributes to ionic conductivity and not electronic conductivity, which 
means electronic conductivity may still be maintained. Furthermore, the n-
doping process of PEDOT has been found to diminish and disappear in the 
presence of Li+ ions in the solution [13].
This current study investigates the electrical properties of PEDOT as an electrode in 
the presence of Li+ ions at negative potentials (vs. Li/Li+) by means of electrochemical 
impedance spectroscopy (EIS) and cyclic voltammetry (CV) to determine whether 
or not n-doping of the conducting polymer is required for applications such as Li-
ion batteries. 
E X P E R I M E N T A L
3,4-Ethylenedioxythiophene (97%, EDOT), acetonitrile (≥99.0%), 
tetraethylammonium tetrafluoroborate (NEt4BF4) and tetrabutylammonium 
hexafluorophosphate (NBu4PF6) was purchased from Novolyte and 1 M Lithium 
hexafluorophosphate in ethylene carbonate and dimethyl carbonate (LP30 
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battery standard electrolyte, LiPF6 EC/DMC) was purchased from Solvionic. 
Tetrabutylammonium hexafluorophosphate (TBAPF6) was purchases from Sigma-
Aldrich. Stainless-steel meshes were used as working and counter electrodes and 
cleaned by ultrasonication in ethanol for 10 min and then subsequently rinsed with 
ethanol and acetone. EDOT polymerisation was conducted electrochemically via 
immersing two freshly cleaned stainless-steel meshes into a 0.1 M solution of EDOT 
in 0.1 M NEt4BF4/acetonitrile and then the potential was biased at 0.85 V vs. Ag/Ag
+ 
for 15 min or until 5 coulombs of charge had passed. Any excess EDOT monomer 
as well as oligomers, were removed by washing in acetonitrile several times. The 
electrochemical impedance spectroscopy (EIS) experiments were carried out on 
the electropolymerised PEDOT using a Bio-Logic multipotentiostat (VMP3) across 
a range of frequencies (1 mHz to 1 MHz) at different biased potentials in 1 M LiPF6 
EC/DMC, using a Ag/Ag+ reference electrode (with 10 mM AgNO3 in 0.1 M NBu4PF6/
Acetonitrile)  and stainless-steel mesh as the counter electrode. All experiments 
were conducted inside an argon filled dry-box and with Li battery standard LiPF6 
EC/DMC electrolyte, thus the effect of water is negligible. The potentials for all 
experiments have been converted to the Li/Li+ scale by shifting the response by 3.52 
V. 
R E S U L T S  A N D  D I S C U S S I O N
The cyclic voltammogram of a PEDOT electrode, in figure 1, shows the potential 
regions of p- and n-doping. This is an example of the voltammetry recorded in 1 
M TBAPF6 EC/DMC in the absence of lithium ions. N-doping of PEDOT and other 
polythiophenes has been well characterised in the literature [14, 15] and shown in 
figure 1 is the expected n-doping characteristic of this material.  The p-doping region 
starts from ~3 V to ~4.7 V vs. Li/Li+ and the n-doping starts at ~2.1 V vs. Li/Li+ to more 
negative potentials (as seen in figure 1). The faradaic “pseudo- capacitive” current as 
evidenced by the rapid change in current at the switching potentials is very similar 
for p-doping (at 4.7 V vs Li/Li+) and n-doping (at 0.25 V vs Li/Li+). There is also a very 
low capacitive region between the p-doping and n-doping processes (3 – 2.1 V vs 
Li/Li+) when the conducting polymer has been largely de-doped. PEDOT behaviour 
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F I G U R E  1 . Cyclic voltammetry curves of PEDOT showing the p- and n-doping 
region in; a) solution of 1 M TBAPF6 EC/DMC solution, and b) butyl-methylpyrrolidinium 
bis(trifluoromethanesulfonyl)imide ionic liquid in absence of Li+ ions recorded at 20 mV s−1.
in ionic liquid, butyl-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide 
(C4mpyrTFSI), solution system was similar with more defined p- and n-doping 
regions due to the lower ionic diffusion in such a medium (figure 1b). The p-doping 
region starts from ~2.2 V to ~4.5 V vs. Li/Li+ and the n-doping starts at ~1.1 V vs. 
Li/Li+ to more negative potentials (as seen in Figure 1). The capacitive current as 
evidenced by the rapid change in current at the switching potentials is very similar 
for n-doping (at 5V vs Li/Li+) and p-doping (at 0.25 V vs Li/Li+). There is also a very 
low capacitive region between the p-doping and n-doping processes (1.25 – 2.75 V vs 
Li/Li+) when the conducting polymer has been largely de-doped. 
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All of this behaviour is in contrast to the situation when the electrolyte contains 
Li ions. In this case, the n-doping process is dramatically inhibited and disappears 
after the first cycle as shown in figure 2a. This phenomenon has been thoroughly 
and rigorously reported originally by Levi et al. with polythiophene [13]. The EIS 
spectra show the difference in the impedance value between the n- and p-doped 
regions (figure 2b, c) where the ionic resistance is 421 Ω and 12 Ω for n- and p-doping 
regions respectively, which were confirmed by fitting the data to an equivalent 
circuit model (figure 3a). The error values for the 5 elements equivalent circuit, 
which are listed in the caption of figure 3, are an indication of the good fit of the 
F I G U R E  2 .  (a) Cyclic 
voltammetry curve recorded 
at 20 mV s−1 of PEDOT (p- to 
n-doping region) showing the 
inhibition of the n-doping of the 
polymer in the presence of Li+ 
ions in the solution (1 M LiPF6 
EC/DMC). Nyquist plots of; 
(b) n-doped (at 0.1 V vs. Li/Li+) 
and (c) p-doped (at 3.9 V vs. Li/
Li+) PEDOT in 1 M LiPF6 EC/
DMC, using a Ag/Ag+ reference 
electrode (with 10 mM AgNO3 
in 0.1 M NBu4PF6/Acetonitrile) 
and stainless-steel mesh as the 
counter electrode across a range 
of frequencies (1 mHz to 1 MHz).
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F I G U R E  3 .  (a) The equivalent circuit model of the PEDOT film in case of n- and p-doping 
and the corresponding SEM images of PEDOT on carbon fibre electrode, using constant potential 
electropolymerisation technique, showing the different regions of the film. Magnified views of the high 
frequency domain of PEDOT Nyquist plots at different potentials show the ionic and the electronic 
resistance of the (b) n-doped and (c) p-doped PEDOT film. Fitting error% values are for R1 (n-doped 
= 1.7, p-doped =7.5), R2 (n-doped = 2.6, p-doped =12.6), CPE1 (n-doped = 6.8 & 1.2, p-doped =11.4 & 
7.9), CPE2 (n-doped = 3.4 & 2.7, p-doped = 1.4 & 0.75) and χ2 (n-doped=0.0047, p-doped=0.0055).
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equivalent circuit however, when a simple 3 elements circuit were used, the data 
didn’t fit properly. This equivalent circuit model consists of a resistance (R1) and 
two sub-circuits connected in series, where R1 represents the resistance of the 
solution and the electronic resistance of the polymer combined. The first sub-
circuit is attributed to the compact-inner part of the PEDOT film and is composed 
of a constant phase element (CPE1) connected to a resistance (R2) in parallel. Here, 
CPE1 and R2 are attributed to the distributed capacitance and the ionic resistance, 
respectively, due to the migration of Li ions within the compact PEDOT film (figure 
3a, left SEM image) [16, 17]. On the other hand, the second sub-circuit is attributed 
to the porous-outer part of the PEDOT film (figure 3a, right SEM image) where the 
polymer/solution interface exists. This sub-circuit is composed of another constant 
phase element (CPE2) and a Warburg element (Wo1). In this case, CPE2 represents 
the distributed capacitance of the polymer interface/double layer of PEDOT and the 
electrolyte solution, while Wo1 represents the ionic diffusion of Li+ ions into the 
bulk of the polymer [18-22]. The low frequency domain of the Nyquist plots show 
the low frequency capacitance of the n-doped PEDOT film to be 4.2 mF compared 
to 120 mF for the p-doped film. This data shows that inhibition of ion insertion into 
the conducting polymer is extremely high, which will restrict ion flow within the 
conducting polymer. Further examination of the EIS data is shown in figures 3b 
and c, where the large deformed semicircle of PEDOT varies depending on whether 
the conducting polymer is at low potential (0.6 V and further at 0.1 V vs Li/Li+) or 
p-doped at a higher potential (3.9 V vs Li/Li+).
Interestingly, when looking closely at the data, the PEDOT film exhibits similar 
electronic resistance (25.8 Ω and 20.4 Ω for n- and p-doped respectively) at the two 
different potential regions: p-doping region (3.9 V vs. Li/Li+) and n-doping region 
(0.1 V vs. Li/Li+). This suggests the de-doping process is not fully complete and that 
some ions remain in the polymer to allow for reasonable electronic conductivity 
despite the low potential applied to the conducting polymer. Consequently, if this 
material is used as a conducting filler or binder for silicon anodes, electrical current 
can still be conducted through the material while restricting its physical 
expansion due to ion ingress into the polymer. The use of conducting polymers in 
silicon negative electrode 
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systems has been criticised in the past due to irreversible capacity from the intrinsic 
capacitive properties of the conducting polymer itself. These findings suggest that 
in fact this material can be used efficiently and effectively as both a binder (with its 
flexible properties) and a conducting matrix (with its high electrical conductivity) 
in such a technology.
C O N C L U S I O N S
The EIS study discussed in this paper suggests that PEDOT still exhibits a relatively 
high electrical conductivity in its n-doped state or at low potentials (~ 0.1 V vs Li/
Li+). The electronic conductivity is maintained even when the n-doping process 
is suppressed by the presence of Li+ ions in the electrolyte, even though  the ionic 
conductivity drops significantly. Nevertheless, the absence of ionic intercalation 
within the polymer structure, due to the inhibition of the n-doping process, is 
favourable in this case as it prevents the polymer from breaking down mechanically 
due to swelling/deswelling. Also, it eliminates the capacity loss associated with the 
polymer doping process. It is believed that this result provides an important insight 
into the application of PEDOT, as one of the promising conducting polymers, as an 
electrode material for Li ion batteries and explains why polymers which cannot be 
n-doped, such as polyaniline have provided improved properties when incorporated 
into silicon anodes.
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In a modern age characterised by the inevitable transformation from using fossil fuels to greener renewable energy sources, new cutting-edge materials for energy storage are being pursued by scientists to keep up with the surging 
demand for clean energy. Such materials should be able to store or generate high 
amounts of energy in devices that ultimately should be cheap, light weight and easily 
produced to maximise efficiency. Traditionally, energy storage devices such as Li-
ion batteries utilise graphite materials as anodes, but graphite exhibits low capacity 
that can’t match the full energy capacity of lithium [1-3]. In order to overcome 
this problem, other materials, such as silicon, are being utilised as negative 
electrode materials instead of graphite. This is due to silicon’s extraordinary high 
gravimetric capacity (3572 mAh g−1 vs. 372 mAh g−1 for graphite) as well as high 
volumetric capacity (8322 mAh L−1 vs. 818 mAh L−1 for graphite) [4, 5]. However, 
silicon based anodes have their own drawbacks due to their massive volume 
expansion that reaches up to ~400% during the lithiation process[6]. This 
massive volume expansion results in structural fracture, and hence loss of 
electrical contact [7, 8] as well as breaking and re-formation of an unstable solid 
electrolyte interface (SEI) in the subsequent cycles which consumes the 
electrolyte [9-11]. All of this results in a large fade in 
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capacity [4]. In addition the conductive mixture, which required for the negative 
electrode to work properly, adds extra weight to the battery without contributing 
to its capacity which is detrimental to applications such as electric vehicles.
Many strategies were employed in attempts to tackle these problems [1, 12]. 
Nanosized silicon particles were utilised to better accommodate the colossal strain 
without cracking [6, 13-17]. Furthermore, Si nanoparticles were mixed with various 
polymeric binders, such as polyacrylic acid (PAA), polyvinylidene difluoride (PVdF), 
and carboxyl-methyl cellulose (CMC), that form strong bonding between the Si 
and the conductive carbon material in order to improve the cycle life [18-20]. The 
cycle life of Si/PAA and Si/CMC composites anodes were improved due to the 
binding between the functional groups on the polymers and the oxide layer on 
the silicon particles [1]. Recently, various types of conducting polymers (CPs) were 
utilised with Si anodes. An exotic variant of CPs was tested by Liu et al. where the 
polyfluorene-type polymers served as a conductive binder to overcome the volume 
expansion problem [20]. Further, Cui et al. achieved a high performance Li-ion 
battery by developing a silicon/polyaniline (PANi) hydrogel composite negative 
electrode [2]. They encapsulated the Si nanoparticles within the PANi 3D porous 
network via in situ polymerisation. In both cases, the CPs served as conductive 
networks for fast electron and ion transport as well as providing the proper 
support for the Si to accommodate the volume expansion.
However, the previous work on developing Si/CPs composite anodes relied on 
the physical incorporation of Si nanoparticles within the CPs. These methods do 
not provide strong chemical bonding between the CPs and the Si nanoparticles 
whether the composites were prepared via physical mixing of CPs and Si, or in situ 
polymerisation of CPs with the nanoparticles. In the presented work, the surface 
of the Si nanoparticles was chemically modified with thiophene molecules via 
electrochemical grafting. In future studies, this thiophene layer will be proposed 
to serve as anchoring points for poly(3,4-ethylenedioxythiophene) (PEDOT) to 
attach to during polymerisation in order to yield chemically mixed and bonded 
Si/CPs composite negative electrode. The relatively strong Si-C covalent bond 
[21] formed between 
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the Si surface and the C atom from thiophene should ensure lasting connection 
between the Si nanoparticles and the CP matrix and hence mitigating the effects 
of volume expansion exhibited by the Si anodes. This study serves as a preface for 
future studies where the grafted Si-thiophene particles will be co-polymerised 
with CPs (e.g. PEDOT or polythiophene), although it focuses on the electrochemical 
grafting process of thiophene onto silicon and the effect of thiophene layer, alone, 
on the behaviour and performance of the modified Si anodes.
E X P E R I M E N T A L
H F  T R E A T M E N T  O F  S I 
N A N O P A R T I C L E S
The Si nanoparticles were HF treated to etch away the oxide layer from the Si surface 
and to generate H-terminated Si surface. The H-Si is crucial for the grafting of the 
thiophene layer onto the Si nanoparticles First, 0.5 g (± 0.05) Si nanoparticles were 
loaded into two centrifuge tubes then 30 mL 2% HF solution (in NMP) was added to 
each tube. Both tubes were then ultra-sonicated for 30 minutes in order to suspend 
the nanoparticles in the HF solution and expose more surface area to the etching 
reaction. After the ultra-sonication for 30 minutes, the nanoparticles suspension 
was vacuum filtered through Teflon filter membrane and then washed with NMP 
for 5 times and excessive amount of absolute ethanol until the pH of the filtrate was 
~7. 
T H I O P H E N E  G R A F T I N G
The electrochemical grafting was achieved via modified version of Gurtner et al. 
method [22]. Following the etching, the Si-nanoparticles were re-suspended into 25 
mL 50 mM bromo-thiophene in acetonitrile and 100 mM NEt4BF4 as supporting 
electrolyte. The new suspension was place in electrochemical cell and purged with 
argon for 30 minutes .The working and counter electrodes were 2 cm2 stainless steel 
mesh and Ag/AgNO3 (10 mM AgNO3 + 100 mM TBAP in acetonitrile) as reference 
electrode (figure 1). 
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F I G U R E  1 .  Cell setup of electrochmical grafting of thiophene 
onto Si nanoparticels using Br-thiophene as a precursor
After purging for 30 minutes, the electro-grafting was undertaken by galvanostatic 
methods where the current was held at -20 mA for 15 minutes and the suspension 
was kept under stirring during the process, this step was repeated twice with 5 
minutes rest in between. The reaction mixture was left to stir for 5 minutes after 
the electro-grafting was finished. The product was then filtered through Teflon 
membrane and washed several times with anhydrous acetonitrile.
Another grafting method was attempted with no success due to a faulty 
experimental design. This method was based on wet chemistry grafting process 
where the hydrogenated Si nanoparticles were further chlorinated to yield 
Si-Cl surface modified Si nanoparticles. This would have been followed by 
reacting the chlorinated Si nanoparticles with 2-thienyllithium to yield LiCl and 
thiophene-grafted Si nanoparticles [23]. The chlorination step is as follows [24]; 
The H-terminated Si nanoparticles were re-suspended into a saturated solution of 
PCl5 in chlorobenzene via ultrasonication in an argon-purged round-bottom flask. 
This was followed by the addition of a few grains of benzoyl peroxide as a radical 
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initiator and the reaction mixture was refluxed overnight at 85ºC while stirring. 
The reaction media was kept under constant flow of argon gas via connecting the 
reaction apparatus to a Schlenk line to prevent the oxidation of Si nanoparticles. The 
results were disappointing as the solvent evaporated leaving dry Si nanoparticles 
powder on the wall off the flask and the condenser as if there was a sudden eruption 
or boiling. This might be attributed to the absence of a pressure regulator attached 
to the Schlenk line which might led to a pressure build up due to the reflux process 
along with the argon gas flow. The Si nanoparticles were collected and examined 
for the formation of chlorinated surface via X-ray photoelectron spectroscopy (XPS) 
and electron energy loss spectroscopy (EELS) with negative results.
E L E C T R O D E  P R E P A R A T I O N 
A N D  C E L L  A S S E M B L Y
Li-ion battery anodes were made out of the thiophene modified Si nanoparticles as 
well as untreated Si nanoparticles as a control sample. The Si or the Si-thiophene 
nanoparticles where mixed with CMC binder and carbon black with the ratio of 
72% Si (Si-thiophene): 20% carbon black: 8% CMC. Typically, the CMC was weighed 
and dissolved in milli-Q water then stirred for 4 hours before adding the Si 
nanoparticles as well as the carbon black powder. After adding the Si and carbon 
materials into the CMC solution, the resultant slurry was stirred for overnight and 
its viscosity was adjusted by adding few microliters of water.
On the following day, the slurry was casted onto copper foil and spread via doctor-
blading to 100 μm thickness then left to dry in the fume hood overnight. The dried 
film was transferred into a vacuum oven at 100ºC for 2 hours, then 10 mm diameter 
discs were punched from the film and transferred back into the oven for 1 hour. 
After drying the discs, the loading of the active materials per cm2 were 
determined to be 1.025 mg cm−2 for Si-thiophene negative electrode and 0.897 mg 
cm−2 for Si anodes.
The Si-thiophene and the untreated Si anodes were transferred into the glove box 
for the battery assembly. 12 mm discs were cut out of Li metal sheet and fixed onto 
copper discs with the same size then placed into Swagelok cells, which served as 
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battery cells (Figure 2). Then, the Li discs were covered by double layer of glass 
fibres cell separator, and followed by adding ~ 900 μL of 1 M LiPF6 in EC/DMC 1:1 
to the cell separator. Finally, the Si negative electrode discs were added onto of 
the previous assembly and the Swagelok cell was tightly closed and left to rest for 
12 hours before any measurement. The cell was connected to a battery testing 
unit and the charge/discharge rate was C/7 where the current applied was 
determined upon the mass loading of the negative electrode.
F I G U R E  2 .  Illustration of the Swagelok cell assembly
R E S U L T S  A N D  D I S C U S S I O N
The electrochemical grafting was achieved successfully where 2-bromothiophene 
was used as a precursor for thiophene in the electrochemical grafting process. 
When negative current (i.e. -20 mA, figure 3a) was applied, the 2-bromothiophene 
underwent an irreversible reduction process, as shown in figure 3b, where a 
reductive cleavage of C-Br bond occurred on the stainless steel electrode following 
dissociative electron transfer (DET) mechanism (equations 1, 2) [25]. The reductive 
cleavage yielded Br− anion as well as thiophene radical [26]. This is followed by the 
reaction of the produced thiophene radicals with the hydrogenated Si (Si-H, due to 
the HF treatment) nanoparticles present in the solution as a suspension (equations 
3, 4) [22]. The reaction occurs in two steps. In the first step, thiophene radicals attack 
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the hydride Si surface and results in Si radicals and neutral thiophene. The second 
step involves further reaction of thiophene radicals with Si radicals on the surface 
of the nanoparticles.
Stirring the reaction solution/suspension ensures a homogenous medium and 
migration of new Si nanoparticles towards the electrode surface where the thiophene 
radicals are produced. Also, stirring aids the diffusion of the thiophene radicals 
away from the electrode surface and hence clearing the electrode surface for more 
2-bromothiophene molecules to be reduced (i.e. rapidly increase the concentration 
of thiophene radicals in the reaction media). This is apparent in figure 2a where 
the recorded potential due to galvanostatic reduction of 2-bromothiophene is lower 
when the solution was stirred. Also, the current recorded during cycling the potential 
while stirring is about 3 times higher than non-stirred situation due to diffusion 
of fresh 2-bromothiophene molecules to the electrode surface to be reduced. The 
formation of thiophene layer onto the silicon nanoparticles was confirmed by 
XPS spectroscopy where the sulphur peak for the 2p orbital, which corresponds 
to thiophene, was apparent (figure 4). The sulphur peak can be attributed to the 
thiophene layer as it is the only species that contains sulphur. Also, the formation 
of polythiophene rather than thiophene grafting is not possible as polymerisation 
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of thiophene occurs via oxidative polymerisation at more positive potentials and 
the grafting process occurs via reduction at negative potentials.
F I G U R E  3 .  (a) Potential response 
on stainless steel mesh electrode during 
galvanostatic grafting of thiophene 
on silicon nanoparticles from 50 mM 
2-bromothiophene in 100 mM NEt4BF4/
acetonitrile at -20 mA for 15 minutes. 
(b) cyclic voltammogram of the same 
electrolyte on stainless steel electrode 
showing the irreversible reduction 
process of 2-bromothiophene. The figures 
show the response of the potential in 
relation to the agitation state of the 
suspension (i.e. stirring and no stirring).
F I G U R E  4 .  XPS 
spectra of thiophene grafted 
Si nanoparticles showing the 
S 2p peak that confirms the 
presence of a thiophene layer 
on the silicon nanoparticles.
—  176  —
C H A P T E R  V I I
In order to compare the performance of untreated and thiophene grafted Si 
nanoparticles anodes, cycle life electrochemical tests were carried out for 60 cycles. 
Figure 5a reveals the evolution of the charge and discharge capacities with cycling. 
The decay in the discharge capacity with cycling is significantly lower in the case 
of the thiophene grafted Si negative electrode being ~778 mAh g−1 after 60 (i.e. 
~39% of the initial capacity) cycles while the untreated Si negative electrode 
merely survived 10 cycles and reached a capacity of ~61 mAh g−1 after 60 cycles (i.e. 
~4% of the initial capacity). The coulombic efficiency (i.e. charge/discharge capacity 
ratio) of the thiophene grafted Si was ~84% for the first cycle and goes up to a 
steady state between 96.2 and 97.5% for the following cycles (figure 5b). On the 
other hand, the initial coulombic efficiency of untreated Si electrode was ~86% 
and then stabilizes above 100% for the rest of the cycles, which means the 
discharge values exceeded those of the charge. This is due to the rapid failure of 
the untreated Si negative electrode where the battery is not charging to its full 
capacity in each consecutive cycle.
F I G U R E  5 .  Graph shows (a) 
the charge and discharge capacity per 
number of cycles, and (b) the efficiency 
per number of cycles for of the untreated 
Si and thiophene grafted Si anodes.
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Figure 6 shows the first cycle voltage curves & the subsequent cycles as well as the 
decay of capacity with cycling for the untreated Si and thiophene grafted Si 
anodes. The first cycle voltage curve of the untreated Si negative electrode (figure 
6a) exhibits a well-defined discharge plateaus at ~0.1 V and during charge at 
~0.45 V. In comparison, the first cycle voltage curve of the thiophene grafted Si 
negative electrode (figure 6b) exhibits the same well defined plateaus in discharge 
at ~0.1 V and in charge at ~ 0.45 V. These plateaus are usually indication that Si 
particles size is in the range of a few microns. The stability of both composite 
anodes and their rate of degradation could be deduced from figure 6 as well as 
figure 7. The rapid capacity drop of the untreated Si negative electrode is obvious 
where it took ~250 hr to complete 60 cycles. On the other hand, at ~250 hr, the 
thiophene grafted Si negative electrode completed 9 cycles and completed the 
60th cycle in ~1100 hr.
One can conclude from the previous data that the thiophene layer enhanced the 
cycling life of the Si nanoparticles anodes as it prevented the capacity of the 
negative electrode from degrading on the first 20 cycles, unlike the untreated Si 
negative electrode. Furthermore, the thiophene layer enhanced the starting 
capacity of the Si-thiophene negative electrode by ~500 mAh g−1. It is unlikely 
that the extra capacity is related to the thiophene layer as no extra 
electrochemical process was observed in the charge/discharge cycling graph 
(figure 7). This suggests that the thiophene layer served as an artificial solid 
electrolyte interface (SEI) protecting the Si nanoparticles from electrolyte attacks.
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F I G U R E  6 .  Graphs shows the cycles potentials as a 
function of the cell capacity for (a) the untreated Si, and (b) the 
Si- thiophene anodes. First cycle is in black in both graphs.
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F I G U R E  7 .  Charge/discharge curves showing 
the periodic change in voltage as a function of time for 
(a) untreated Si, and (b) Si-thiophene anodes.
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C O N C L U S I O N
The electrochemical grafting of thiophene onto Si nanoparticles was successfully 
achieved as demonstrated and proved by XPS spectra. The thiophene-grafted Si 
nanoparticles enhanced the Si negative electrode behaviour regarding the 
cyclability, stability, and the starting capacity. Batteries utilised the thiophene-
grafted Si as anodes reached ~39% of their initial capacity and maintained a 
coulombic efficiency of ~97%. On the other hand, the untreated Si nanoparticles 
merely lasted for 10 cycles and the capacity dropped to only to ~4% of the initial 
capacity after 60 cycles. Although the grafted Si nanoparticles were not meant to 
be utilised on their own as negative electrode materials, the charging/discharging 
data is promising compared to untreated Si nanoparticles. This could be 
attributed to the formation of an artificial layer around the Si nanoparticles that 
acts like a solid electrolyte interface (SEI) layer protecting the surface of the 
nanoparticles. 
Finally, it is important to note that this study is a preface and would by be extended 
to the use of the thiophene-grafted Si as a starting material for making PEDOT-
grafted Si nanoparticles, via in situ polymerisation with EDOT. The PEDOT would 
provide a conducting binder matrix incorporating and chemically bonded to the 
Si moiety of the negative electrode. This should mitigate the loss of electrical 
connection with silicon due the structural break down during the cell cycling. Also, 
according to the previous data, the polymer encapsulation will exhibit a 
protective SEI effect on the nanoparticles. We think that the results described 
herein will pave the way to the next modification step to produce an efficient Si/
CPs composite anodes, and will have a great potential towards further enhancing 
the negative electrode behaviour.
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The electrochemical polymerisation of a range of conducting polymers has been reported in this work, including the polymerisation of PANi and several of its derivatives as well as PEDOT. This indicates that the 
electropolymerisation approach is suitable to create conducting polymers with 
interesting properties that are suitable for device applications. For PANi, the 
polymerisation methods involved tailoring the morphology of the films via 
controlling the electrochemical conditions during electropolymerisation. Stepping 
the potential to lower value(s) compared to the initial nucleation process during the 
polymerisation reaction was found to template the growth of PANi into different 
morphologies. In the case of PEDOT, the sandwich cell configuration allowed an 
even deposition of the polymer onto a flexible carbon substrate and prevented 
the dissolution of short polymer chains back into the polymerisation media. 
Furthermore, electroless deposition methods were applied to decorate PANi films 
with gold and platinum nanoparticles. The deposition method allowed for the noble 
metals to be deposited with an even distribution across the polymer’s surface with a 
low amount of aggregation. This is required to endure the maximum catalytic activity 
of the deposited nanoparticles whereby the underlying conducting polymer acts as 
a conducting network. Moreover, the electropolymerisation of a pre-synthesised 
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anilinium-based protic ionic liquid was successful. Two high-throughput methods 
were utilised to screen possible acids/aniline derivatives candidates to form the 
PIL. The first method was a simple screening process in Eppendorf tubes which 
provided rapid identification of suitable combinations, while the second method 
involved the use of a Chemspeed robotic synthesis platform for more accurate 
results. Significantly, the anilinium based PIL that is formed acts as the monomer, 
the solvent and the electrolyte at the same time giving interesting morphologies 
for the electrodeposited polymers. The morphology of the films was controlled via 
changing the electropolymerisation techniques where a constant potential method 
resulted in lamellar structures, while a cyclic potential method yielded a globular 
morphology. Furthermore, Si nanoparticles were successfully modified with a 
thiophene layer via an electrochemical grafting approach. The thiophene layer 
that was grafted onto the Si nanoparticles enhanced the Si negative electrode 
behaviour regarding the cyclability, stability, and the starting capacity of the 
energy storage device.
The electrochemical behaviour of these conducting polymers and conducting 
polymers/nanoparticles composites were investigated using both conventional dc 
cyclic voltammetry, electrochemical impedance spectroscopy as well as charging/
discharging techniques. In the case of PANi, the data shows the effective potential 
window where the polymer exhibits its highest capacitance and lowest ionic 
resistance to be between about 0.05 V and 0.70 V. Also, an equivalent circuit model 
was developed to obtain accurate insight into how the PANi film behaved. The 
charging/discharging curves demonstrated that the average capacity of the polymer 
is 0.88 mAh cm-2 at a 1C rate (i.e. 1 mA cm−2), which makes the developed PANi 
suitable as an electrode material for flexible batteries and supercapacitors. The PANi/
Au-Pt composites exhibited good electrocatalytic activity towards the oxidation 
of hydrazine where Pt contributed to this electrochemical process and the PANi 
provided the electrical connectivity and scaffolding for the nanoparticles. Also, the 
hydrogen evolution reaction occurred on the composite which is also attributed to the 
presence of Pt. In the case of PEDOT, the resultant flexible electrode was active for the 
oxygen reduction reaction over a wide pH range with the thick sample showing less 
formation of the hydrogen peroxide intermediate during the course of the reaction, 
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which is possibly a result of its higher conductivity attributed to the incorporation 
of more (trifluoromethanesulfonyl) imide (TFSI) anions in the film. Also the PEDOT 
electrode fabricated from the IL showed markedly improved performance over 
PEDOT electropolymerised in acetonitrile. Significantly, this method of synthesis 
opens up a way to electropolymerise a variety of other conducting polymers on to 
flexible electrodes, which may have many other applications in flexible or wearable 
electronic or energy storage or conversion devices. The EIS data on PEDOT suggests 
the polymer still exhibits a relatively high electrical conductivity in its n-doped 
state or at low potentials (~ 0.1 V vs Li/Li+). The electronic conductivity is maintained 
even when the n-doping process is suppressed by the presence of Li+ ions in the 
electrolyte, even though the ionic conductivity drops significantly. Nevertheless, 
the absence of ionic intercalation within the polymer structure, due to the inhibition 
of the n-doping process, is favourable in this case as it minimises the polymer 
from breaking down mechanically due to swelling/contracting. It also eliminates 
the capacity loss associated with the polymer doping process. It is believed that 
this result provides an important insight into the application of PEDOT, as one of 
the promising conducting polymers, as an electrode material for Li ion batteries 
and explains why polymers which cannot be n-doped, such as polyaniline have 
provided improved properties when incorporated into silicon anodes.
Future work should involve the exploration of the synthesis of n-alkylanilines 
protic ionic liquids via high-throughput methods as the alkyl chains on the amine 
group were found to contribute to the formation of anilinium-based ILs. Moreover, 
continuing the preface study on the thiophene-grafted Si nanoparticles where 
modified nanoparticles are to be utilised as a starting material for making PEDOT-
grafted Si nanoparticles, via in situ polymerisation with EDOT. The PEDOT would 
provide a conducting binder matrix that is chemically bonded to the Si moiety of 
the negative electrode. This in principle should mitigate the loss of electrical 
connection with silicon due to any structural break down that may occur during 
cell cycling. Also, according to previous reports, polymer encapsulation will 
exhibit a protective SEI effect on the nanoparticles. Finally, the conducting 
polymer coating will provide some mechanical stability and flexibility for 
wearable devices.
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Conducting polymers are promising materials for electrochemical energy storage 
and conversion devices due to their ability to be structurally engineered and tailored 
to meet specific applications. Their structures can be varied from nanoparticles, 
nanowires, nanotubes, and nano-hollow capsules by controlling the polymerisation 
conditions. Also, their excellent chemical and physical properties has promoted 
them to be among the most widely studied materials for energy applications. 
Moreover, given that CPs have the potential to be manufactured on a large scale and 
are solution processable makes them particularly attractive for applications that 
require flexibility such as wearable electronics and structural batteries that can be 
employed on the panels of vehicles.

